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(57) ABSTRACT

In general, the disclosure relates to medical devices and
systems for detecting the posture state of patient. For
example, a medical system may detect a posture state of a
patient and deliver therapy based at least in part on the
detected patient posture state. In some examples, the system
may comprise a posture sensor that generates posture sensor
data when a patient 1s 1n a posture state, and a processor that
receives the first posture sensor data, compares the first
posture state data to reference posture sensor data, and
detects the presence of at least one of sensor signal drift or
sensor signal shift for the posture sensor based at least 1n part
on the comparison. In some examples, the processor may be
configured to determine one or more oflset correction values
to apply to posture sensor data generated by the posture
sensor when the at least one of sensor signal drift or sensor
signal shift 1s determined to be present.
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DETECTING POSTURE SENSOR SIGNAL
SHIFT OR DRIFT IN MEDICAL DEVICES

TECHNICAL FIELD

The disclosure relates to medical devices and, more
particularly, to programmable medical devices that deliver
therapy.

BACKGROUND

A variety of medical devices are used for chronic, e.g.,
long-term, delivery of therapy to patients suilering from a
variety of conditions, such as chronic pain, tremor, Parkin-
son’s disease, epilepsy, urinary or fecal incontinence, sexual
dysfunction, obesity, or gastroparesis. As examples, electri-
cal stimulation generators are used for chronic delivery of
clectrical stimulation therapies such as cardiac pacing, neu-
rostimulation, muscle stimulation, or the like. Pumps or
other fluid delivery devices may be used for chronic delivery
ol therapeutic agents, such as drugs. Typically, such devices
provide therapy continuously or periodically according to
parameters contained within a program. A program may
comprise respective values for each of a plurality of param-
eters, specified by a clinician.

In some cases, the patient may be allowed to activate
and/or modily the therapy delivered by the medical device.
For example, a patient can be provided with a patient
programming device. The patient programming device com-
municates with a medical device to allow the patient to
activate therapy and/or adjust therapy parameters. For
example, an implantable medical device (IMD), such as an
implantable neurostimulator, may be accompanied by an
external patient programmer that permits the patient to
activate and deactivate neurostimulation therapy and/or
adjust the intensity of the delivered neurostimulation. The
patient programmer may communicate with the IMD wvia
wireless telemetry to control the IMD and/or retrieve infor-
mation from the IMD.

SUMMARY

In general, the disclosure relates to techniques for detect-
ing signal shift and/or signal drift in the output of one or
more postures sensors of a medical device. In some
examples, the medical device may be an IMD that delivers
clectrical stimulation therapy to the patient. The IMD may
detect the posture state of the patient via a posture state
module and deliver medical therapy to the patient according,
to the detected posture state. For example, the IMD may
automatically adjust one or more therapy parameter values
or other characteristics of the therapy based on the detected
posture state. To detect the posture state of a patient, a
posture state module of an IMD or other medical device may
include one or more posture sensors, such as, e.g., one or
more accelerometers. The sensor output signal(s) generated
by the one or more posture sensors of the posture state
module may be indicative of patient posture state. For
example, the posture state of a patient may be detected by
comparing the sensor output signal(s) to posture state ref-
erence data that defines specific patient posture states.

In some examples, an oflset signal shift and/or oflset
signal drift may be present 1n an output signal generated by
the one or more posture sensors. An IMD or other medical
device may detect the presence of the sensor signal offset
shift and/or offset drift by comparing sensor data generated
by a posture sensor to reference posture sensor data. Such a
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2

comparison may be performed for posture sensor data
generated by the posture sensor when the patient occupies
cach of one or more posture states. In some examples, the
reference posture sensor data 1s associated with one or more
particular patient posture states. The reference posture sen-
sor data may define sensor signal data, for example, for one
or more particular posture states of the patient in which
signal oflset shift and/or drift 1s not substantially present or
1s present only 1n an 1nsignificant and/or acceptable amount.

In some examples, upon detection of the oil

set shaft
and/or oflset driit 1in the output of a posture sensor, the IMD
or other medical device may determine and apply an offset
correction to a posture state detection algorithm utilized to
detect the posture state of the patient based on the output of
the posture sensor. The applied oflset correction may
account for any 1naccuracies in the detection of patient
posture state that may result from the detected offset signal
shift and/or offset drift. Additionally or alternatively, an

IMD or other medical device may suspend dellvery of
therapy to a patient on a posture state responswe basis or
otherwise prevent delivery of posture responsive therapy to
the patient, e.g., by preventing activation of posture respon-
sive therapy delivery mode, until the detected offset shift
and/or drift in the output of the posture sensor 1s addressed.

In one example, the disclosure relates to a method com-
prising receiving posture sensor data from a posture sensor;
comparing the posture sensor data from the posture sensor to
reference posture sensor data; and detecting the presence of
at least one of sensor signal driit or sensor signal shiit for the
posture sensor based at least imn part on the comparison,
wherein the posture sensor data 1s indicative of a posture
state ol a patient.

In another example, the disclosure relates to a medical
device comprising a posture sensor configured to generate
posture sensor data; and a processor configured to receive
the posture sensor data, compare the posture sensor data to
reference posture sensor data, and detect at least one of
sensor signal drift or sensor signal shift for the posture
sensor based at least in part on the comparison, wherein the
posture sensor data 1s indicative of a posture state of a
patient.

In another example, the disclosure relates to a computer-
readable storage medium comprising instructions to cause
one or more processors to receive posture sensor data from
a posture sensor; compare the posture sensor data from the
posture sensor to reference posture sensor data; and detect at
least one of sensor signal drift or sensor signal shiit for the
posture sensor based at least i part on the comparison,
wherein the posture sensor data 1s indicative of a posture
state of a patient.

In another example, the disclosure relates to a system
comprising means for receiving posture sensor data from a
posture sensor; means for comparing the posture sensor data
from the posture sensor to reference posture sensor data; and
means for detecting at least one of sensor signal drift or
sensor signal shift for the posture sensor based at least 1n part
on the comparison, wherein the posture sensor data 1is
indicative ol a posture state of a patient.

The details of one or more examples of the invention are
set forth 1in the accompanying drawings and the description
below. Other features, objects, and advantages of the inven-
tion will be apparent from the description and drawings, and
from the claims.

BRIEF DESCRIPTION OF THE

DRAWINGS

FIG. 1 1s a conceptual diagram 1llustrating an example
implantable stimulation system including two implantable
stimulation leads.
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FIG. 2 1s a conceptual diagram 1illustrating an example
implantable stimulation system including three implantable

stimulation leads.

FIG. 3 1s a conceptual diagram illustrating an example
implantable drug delivery system including a delivery cath-
eter.

FIG. 4 1s a functional block diagram illustrating various
components of an example implantable electrical stimulator.

FIG. 5 1s a functional block diagram 1llustrating various
components of an example implantable drug pump.

FIG. 6 1s a functional block diagram illustrating various
components of an example external programmer for an
implantable medical device.

FIG. 7 1s a functional block diagram illustrating an
example system that includes an external device, such as a
server, and one or more computing devices that are coupled
to an 1implantable medical device and external programmer
shown 1n FIGS. 1A-1C via a network.

FIGS. 8A-8C are conceptual diagrams illustrating
example posture state spaces within which postures state
reference data may define the posture state of a patient.

FIGS. 9A-9D are conceptual diagrams illustrating
example sensed posture sensor data within example posture
state space.

FIGS. 10A and 10B are conceptual diagrams illustrating,
an example patient from a side view 1n an example posture
state space 1ncluding example posture state cones.

FIGS. 11A and 11B are conceptual diagrams 1llustrating
an example patient from a side view 1n an example posture
state space 1ncluding example posture state cones.

FIG. 12 1s a flow diagram illustrating an example tech-
nique for detecting the presence of oflset signal shift and/or
oflset signal drift 1n the output of an example posture sensor.

FIG. 13 1s a flow diagram illustrating an example tech-
nique for defining reference posture sensor data for one or
more posture states.

FIG. 14 1s a flow diagram illustrating an example tech-
nique for suspending delivery of posture responsive therapy
to a patient.

FIG. 15 1s a flow diagram illustrating an example tech-
nique for determiming an oflset correction for application to
an example posture state detection algorithm.

FIG. 16 1s a flow diagram illustrating an example tech-
nique for activating a posture responsive therapy mode of an
example IMD.

DETAILED DESCRIPTION

In general, the disclosure relates to techniques for detect-
ing signal shift and/or signal drift in the output of one or
more postures sensors of a medical device. In some
examples, the medical device may be an IMD that delivers
clectrical stimulation therapy to the patient. The IMD may
detect the posture state of the patient via a posture state
module and deliver medical therapy to the patient according,
to the detected posture state. For example, the IMD may
automatically adjust one or more therapy parameter values
or other characteristics of the therapy based on the detected
posture state. To detect the posture state of a patient, a
posture state module of an IMD or other medical device may
include one or more posture sensors, such as, €.g., one or
more accelerometers. The sensor output signal(s) generated
by the one or more posture sensors of the posture state
module may be indicative of patient posture state. For
example, the posture state of a patient may be detected by
comparing the sensor output signal(s) to posture state ret-
erence data that defines specific patient posture states.
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In some examples, an oflset signal shift and/or offset
signal drift may be present 1in an output signal generated by
the one or more posture sensors. An IMD or other medical
device may detect the presence of the sensor signal oifset
shift and/or offset drift by comparing sensor data generated
by a posture sensor to reference posture sensor data. Such a
comparison may be performed for posture sensor data
generated by the posture sensor when the patient occupies
cach of one or more posture states. In some examples, the
reference posture sensor data 1s associated with one or more
particular patient posture states. The reference posture sen-
sor data may define sensor signal data, for example, for one
or more particular posture state of the patient 1n which signal
oflset shift and/or drnit 1s not substantially present or 1is
present only 1n an msignificant and/or acceptable amount.

In some examples, upon detection of the ofl:

set shaft
and/or oflset driit 1n the output of a posture sensor, the IMD
or other medical device may determine and apply an offset
correction to a posture state detection algorithm utilized to
detect the posture state of the patient based on the output of
the posture sensor. The applied offset correction may
account for any 1naccuracies in the detection of patient
posture state that may result from oflset signal shift and/or
offset drift detected in the output of the posture sensor.
Additionally or alternatively, an IMD or other medical
device may suspend delivery of therapy to a patient on a
posture state responsive basis or otherwise prevent delivery
ol posture responsive therapy to the patient, e.g., by pre-
venting activation of posture responsive therapy delivery
mode, until the detected oflset shift and/or driit in the output
of the posture sensor 1s addressed.

A medical device, such as an IMD, may deliver one or
more types ol therapy to patient, including electrical stimu-
lation therapy and/or non-electrical stimulation therapy,
such as therapeutic fluid delivery therapy. For purposes of
illustration, the examples 1n this disclosure will be described
with respect to the delivery of electrical stimulation therapy.
However, 1t 1s understood that, 1n some examples, the same
or similar principles may be applicable to the delivery of
non-electrical stimulation therapy.

A medical device, such as an IMD, may deliver electrical
stimulation therapy to a patient for a variety of reasons. For
example, an IMD may deliver electrical stimulation therapy
to treat patients that sufler from chronic back pain, leg pain,
or other pain that cannot be eflectively or efliciently treated
through other methods. Generally, values for one or more
stimulation parameters associated with the electrical stimu-
lation therapy can be defined to treat one or more of the
conditions experienced by a patient. However, as a patient
changes posture states, which may include changes 1 pos-
ture and/or activity level, the stimulation therapy delivered
by the IMD to the patient may have to be adjusted to
maintain therapeutic etliciency. Eflicacy refers, in general, to
a combination of complete or partial allewatlon of symp-
toms alone, or 1n combination with a degree of undesirable
side eflects.

In some cases, changes 1n posture state may cause
changes 1n eflicacy due to changes in distances between
clectrodes or other therapy delivery elements, e.g., due to
temporary migration of leads or catheters caused by forces
or stresses associated with different postures, or from
changes 1n compression of patient tissue against leads or
catheters 1n different posture states. Also, posture state
changes may present changes 1 symptoms or symptom
levels, e.g., pain level. For example, for some patients with
a chronic lower back condition, sitting may be more painful
than lying down. To maintain therapeutic efl

icacy, 1t can be
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desirable to adjust therapy parameters based on different
postures and/or activities engaged by the patient to maintain
cllective therapy. As such, changes in therapeutic eflicacy
due to changes 1n posture state may require the patient to
continually manage therapy by manually adjusting certain
therapy parameters, such as amplitude, pulse rate, or pulse
width 1n the case of stimulation therapy, or selecting differ-
ent therapy programs to achieve more eflicacious therapy
throughout many different posture states.

In examples of therapy systems described herein, an IMD
(or other medical device) employs one or more posture
sensors that generate a signal(s) indicative of the patient
posture state. In such case, the IMD may automatically
modily the stimulation therapy being delivered to the patient
based on the detected posture state change so as to maintain
cllective therapeutic results. The IMD may adjust therapy
parameters 1n response to different posture states determined
with the one or more posture sensors. An IMD may adjust
therapy by modilying values for one or more therapy
parameters, e.g., by specilying adjustments to a specific
therapy parameter, or by selecting diflerent therapy pro-
grams or groups ol programs that define different sets of
therapy parameter values.

Therapy adjustments 1n response to different posture
states may be fully automatic, semi-automatic 1n the sense
that a user may provide approval of proposed changes,
user-directed 1n the sense that the patient may manually
adjust therapy based on the posture state indication, or any
combination of automation and user interaction. As one
example, an IMD may adjust the values of one or more
stimulation parameters of the stimulation therapy being
delivered to a patient, e.g., stimulation amplitude value, to
values that have been correlated to the posture state detected
by the IMD for the patient. When a patient transitions from
an upright to a lying posture, for example, the IMD may
adjust the stimulation amplitude value from a value appro-
priate for the upright posture to a diflerent value appropnate
for the lying posture.

A posture state may refer to a patient posture or a
combination of posture and activity. For example, some
posture states, such as upright, may be sub-categorized as
upright and active or upright and inactive. Other posture
states, such as lying down posture states, may or may not
have an activity component, but regardless may have sub-
categories such as lying face up or face down, or lying on the
right side or on the left side. Various posture states may be
defined, at least in part, by diflerent sets of posture state
reference data. In some examples, posture sensor data
received from a posture sensor when a patient occupies a
particular posture state may be used to define, at least in part,
posture state reference data corresponding to the respective
posture state. The posture state reference data for a posture
state may define, for example, a reference coordinate vector
and a region around the reference coordinate vector. For
example, the region around the reference coordinate vector
may include a range of coordinates within a predetermined
distance from the reference coordinate vector. In operation,
a posture sensor module associated with the medical device
compares posture sensor data to the posture state reference
data to detect the posture occupied by the patient.

As one example, an IMD may utilize a posture state
module, which may include a posture sensor, to detect the
posture state of a patient. To detect the posture state of a
patient, the posture state module may receive posture sensor
data generated by one or more posture sensors and compare
the posture sensor data to posture state reference data. In the
case of a posture state module 1including a three-axis accel-
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crometer sensor, the posture sensor data generated by the
one or more posture sensors may comprise a coordinate
vector in a 3-dimensional space, €.g., as determined from the
sensor signals for each of the x, y, and z-axis. The posture
state reference data may define a reference coordinate vector
and a range ol coordinates within a predetermined distance
from the reference coordinate vector for the 3-dimensional
space. In such a case, the posture state reference data may,
in effect, define a posture volume or zone, such as, e.g., a
posture cone. The posture cone, and the range ol vector
coordinates within the cone, may be defined 1n a variety of
ways. For example, the posture cone may be defined by a
distance or angle relative to the reference coordinate vector.
As an alternative, a range of cosine values may define
vectors within the cone in the sense that a cosine value
computed for each of the vectors in the cone and the
reference coordinate vector falls within the range of cosine
values.

If the posture sensor data indicates a coordinate vector
that falls within the range of coordinates defined by the
posture state reference data for the 3-dimensional space, the
IMD determines that the patient occupies the posture state
associated with the posture state reference data. If the
coordinate vector indicated by posture sensor data falls
within the range of posture coordinates specified by the
posture state reference data corresponding to an upright
posture state, for example, then the IMD may detect that the
patient 1s 1n the upright posture state. Diflerent posture states
may be associated with different sets of posture state refer-
ence data. The posture sensor data may be compared to
multiple sets of posture state reference data until a matching
posture state 1s detected. In some examples, however, pos-
ture sensor data may fall within undefined areas that do not
match any posture state reference data.

To 1nmitially define a set of posture state reference data for
a particular posture state, a patient may occupy the posture
state. While the patient occupies the posture state, the
posture state (e.g., lying back, lying front, lying right, lying
left, or upright) may be communicated to the IMD, e.g.,
from an external programmer via wireless telemetry. Then,
the IMD may define posture state reference data for the
posture state based on the posture sensor data obtained from
the posture sensor(s) while the patient 1s i1n the indicated
posture state. In this manner, the IMD may define a set of
posture state reference data based on the posture sensor data
that 1s actually produced while the patient 1s in the respective
posture state.

Once posture state reference data 1s defined for a posture
state, the IMD may detect when a patient 1s occupying that
posture state based on a comparison of the posture sensor
data to the posture state reference data for the posture state.
If there 1s a match between the posture sensor data generated
by the posture sensor and the posture state reference data,
then the IMD detects the patient 1s in the pertinent posture
state. The orientation process may be repeated for each of
the posture states of the patient that are desired to be
detected, or for a subset of the posture states suflicient to
determine posture state reference data for all posture states.

In some instances, oflset shift and/or offset drift may be
present 1n the signal output generated by a posture sensor.
Signal oflset shift may include one or more distinct para-
metric shifts in the signal output that may occur at one or
more discrete points 1n time. Hence, signal oflset shift may
result from some acute change in the sensor or 1ts disposition
on or within a patient. Signal oflset driit may include one or
more parametric shifts that may more gradually accumulate
in the output of a sensor signal over an extended period of
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time. In some cases, shift or drift may be caused by gradual
changes 1n electronic components within an accelerometer
or associated sensor circuitry or by an acute force that is
significant enough to displace sensing elements. In each
case, the presence of oflset shift and/or drift may cause a
parametric change in the signal output generated by a
posture sensor. Such parametric changes may include shifts
in signal amplitude, e.g., voltage or current, such as a shiit
in the amplitude of a signal corresponding to one or more
axes ol an accelerometer. For example, in the case of an
accelerometer that generates a voltage output signal to
indicate acceleration along a particular axis, the presence of
an oflset shift or drift may cause a parametric shift in the
voltage of the signal generated by the accelerometer for the
axis. For ease of illustration, oflset signal drift and/or ofiset
signal shift may be referred to herein 1n some instances as
ofifset shift/driit.

When oflset shift/drift 1s present 1n the output signal of
one or more posture sensors, the ability of an IMD to detect
the actual posture state occupied by a patient may be
impacted. An example 1llustrating the influence that an offset
shift/drift in the signal output of one axis of a three-axis
accelerometer 1s described below with regard to FIGS.
9A-D. In some cases, the presence of oflset shift/drift may
cause the IMD to 1naccurately detect the posture state of the
patient, 1n which case the IMD may modily the therapy
inappropriately. For example, the IMD could unnecessarily
adjust one or more therapy parameters and/or fail to adjust
one or more therapy parameters due to difference between
the actual posture state of the patient and the posture state
detected by the IMD 1n the presence of oflset shift/driit.
Accordingly, therapeutic eflicacy may be impacted 11 oflset
shaft/drift 1s not taken into account by IMD when detecting
the posture state of the patient.

In accordance with this present disclosure, in some
examples, an IMD or other medical device (e.g., external
programmer) may be configured to detect the presence of
offset shift/drift in the sensor output generated by one or
more posture sensors of a posture state module. The pres-
ence of oflset shift/drift may be detected by comparing
posture sensor data generated by one of more posture
sensors to reference posture sensor data. In some examples,
the comparison of the posture sensor data from the posture
sensor to the reference posture sensor data may allow
differences between the posture sensor data and baseline
posture sensor to be determined. Differences between the
reference posture sensor data and the posture sensor data
generated by the posture sensor may be indicative of the
presence ol oflset shift/drift in the signal generated by a
posture sensor. In some examples, to detect the presence of
oflset shift/drift in the output of a posture sensor, the IMD
or other medical device may compare posture sensor data
generated by a posture sensor for each of a plurality of
posture states assumed by the patient to reference posture
sensor data. Reference posture sensor data may be associ-
ated with each particular posture states of a patient. In such
cases, for each posture state assumed by the patient, posture
sensor data generated by a posture sensor when the patient
occupies the posture state may be compared to the reference
posture sensor data associated with that posture state. Ref-
erence posture sensor data may be substantially the same for
a plurality of different posture states (e.g., substantially the
same reference posture state data may be associated with
substantially all patient posture states) or reference posture
sensor data may be different for each of a plurality different
posture states. For example, certain posture states may have
reference posture sensor data that 1s unique to a respective
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posture state or reference posture sensor data may be gen-
crally applicable to all posture states that may be occupied
by a patient.

The posture sensor data used to detect offset shift/drift
may include values for one or more measurable parameters
of the output signal generated by a posture sensor, especially
those parameters used to determine the posture state of a
patient. In some examples, a posture sensor used by an IMD
to detect patient posture set may include an accelerometer
sensor. For ease of description, examples of the disclosure
are described primarily with regard to a 3-axis accelerometer
as the posture sensor that generates an output signal for each
axis, 1.e., an output signal for each of the X, vy, and z axis.
However, examples of the disclosure are not limited as such.
In some examples, an IMD may detect patient posture state
via multiple single-axis accelerometers, dual-axis acceler-
ometers, 3-axis accelerometers, or some combination
thereol, or may include a sensor other than an accelerometer.
In the case of a 3-axis accelerometer, posture sensor data
may 1nclude a signal value sampled from the output signal
for each axis generated by the accelerometer. In some
examples, the signal value for one or more of the axes may
be an average value determined based on a plurality of
sampled signal values. Additionally or alternatively, posture
sensor data may include a magnitude and/or angle of a
posture vector derived from the values of each axis of the
accelerometer sensor within a 3-dimensional vector space.

An IMD may determine posture sensor data for one or
more posture states of the patient by measuring the output
signal values for each axis of an accelerometer sensor when
the patient actually occupies the respective posture state. For
example, while a patient occupies a standing posture state,
posture sensor data (e.g., X, y, and z axis values and/or vector
magnitude) may be defined for the standing posture state at
that point 1n time based on the measured values for each
output signal generated by the accelerometer sensor for each
of the x, y, and z axis. As described above, such posture
sensor data may also be used, for example, by an IMD to
determine the posture state of a patient as well as to detect
the presence of oflset shift/drift in a posture sensor signal.

In some examples, posture sensor data for each of a
plurality of different posture states may be compared to
reference posture sensor data to detect the presence of oflset
shift/drift 1n the output of posture sensor. As will be
described further below, in some examples, such as those
examples 1n which the posture sensor includes a multi-axis
accelerometer sensor, the plurality of posture states used for
the generation of posture sensor data may include postures
states of the patient that are distributed throughout a multi-
dimensional posture state zone or space within which the
multi-axis posture sensor output resides. In some examples,
the plurality of posture states may include two or more
posture states that are approximately orthogonal to one
another, e.g., within approximately 30 degrees of orthogonal
to each other, such as, within approximately 20 degrees of
orthogonal to each other or approximately 10 degrees of
orthogonal to each other. In some examples, the two or more
postures state may be substantially orthogonal to each other,
¢.g., within approximately 5 degrees of orthogonal to each
other.

As an 1illustration, for a situation in which the posture
sensor generates outputs along x, y, and z-axis within a
three-dimensional posture space, posture sensor data may be
received for each of a plurality of posture states distrusted
throughout all or a portion of the three-dimensional posture
state space. In one example, the plurality of posture states
may include respective posture states that are approximately
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orthogonal to each other in the three-dimensional posture
space. For example, first, second, and third posture sensor
data may be defined by the output of the posture sensor
while the patient actually occupies an upright, lying back,
and lying left posture states, respectively. Such patient
posture states may be approximately orthogonal to each
other 1n the three-dimensional posture state space of the
posture sensor output. The first, second, and third posture
sensor data may then be compared to reference posture
sensor data. As described above, the posture sensor data may
be the same or diflerent for each posture state. Based on the
comparison, the presence of oflset shift/drift along one, two,
or all three axes 1n the output of the posture sensor may be
detected. As will be described below, 1n some examples, the
first, second, and third posture sensor data may then be used
to determine oflset correction values for one, two, or all
three axis of the sensor output to correct for the detected
oflset shift/drift in the output of the posture sensor.

The reference posture sensor data used by an IMD to
detect signal oflset shift/drift by way of comparison to the
posture sensor data received from a posture sensor may be
representative of the posture sensor data in which offset shift
and/or drift 1s not present 1n the output signal of the posture
sensor or 1s present only 1n an insignificant and/or acceptable
amount, e.g., as defined by a clinician or device manufac-
turer. In this manner, any differences between the reference
posture sensor data and the posture sensor data actually
received when the patient occupies similar posture states
may be indicative of the presence of signal ofiset shift/driit.
ITf 1n the case where the position of the patient 1n a posture
state can be accurately replicated during the time that the
reference posture sensor data 1s acquired and the during the
time that the current posture sensor data 1s acquired, then the
reference posture sensor data and the current posture sensor
data may include x, y, and z-axis output for each of the
plurality of posture states. In other cases, e.g., where the
postures states cannot be accurately replicated (e.g. due to in
ability to position patient accurately) then the reference
posture sensor data and the current posture sensor data may
include characteristic information, such as the magnitude of
a posture vector derived from each individual value of the x,
y, and z-axis within a three-dimensional posture space.

In some examples, the reference posture sensor data may
include baseline posture sensor data defined by actual sensor
data generated by the posture sensor at some previous time.
For example, for a particular posture state, reference posture
sensor data may include baseline posture sensor data defin-
ing the actual output of the posture sensor when the patient
occupied approximately the same posture state at some
carlier time, e.g., during an 1mitial programming session after
an IMD 1s implanted. The previous time at which the
baseline sensor signal data 1s defined may generally corre-
spond to a period of time when oflset shift/drift was not
substantially present in the sensor output signal or was
present only 1n a relatively msignificant and/or acceptable
amount. Differences in current posture sensor data for one or
more posture states relative to the baseline posture sensor
data may be attributed to the presence of offset shift/drift in
the signal output of the posture sensor.

Alternatively or additionally, the reference posture sensor
data may be predetermined by a user, such as, e.g., a
climician. For example, reference posture sensor data may be
defined based on or more values estimated or otherwise
known to be representative of the actual posture sensor data
for a posture state when substantially no offset shiit/drift 1s
present. In some examples, such reference posture sensor
data may be defined by manufacturer based on specification

10

15

20

25

30

35

40

45

50

55

60

65

10

values for an accelerometer device or previous patient(s) in
which substantially the same or similar posture sensor has
been used. In some examples, the reference posture sensor
data may be determined from sampling of the sensor signal
prior to implantation of the IMD, e.g., during a trial stimu-
lation period or during that manufacturing process of the
IMD. As the output signals for each axis of a multiple axis
accelerometer can depend on the physical orientation of the
accelerometer 1 a patient, the average magnitude of the
vector dertved from the signal values for each axis observed
in other patients and/or otherwise defined for the particular
accelerometer may be used as reference posture sensor data
rather than output signal values for each individual axis. In
such examples, one or more posture vector magnitudes may
be used to define reference posture sensor data for more than
one posture states of a patient.

Analysis of posture sensor data for oflset shuft/drift may
be performed by an IMD or other medical device on a
substantially continuous or periodic basis. In some
examples, a medical device may automatically or semi-
automatically (e.g., based on user confirmation of a request
generated by the medical device) analyze posture sensor
data to detect the presence of oflset shift/drift 1n a posture
sensor signal output. Alternatively or additionally, a medical
device system may analyze posture sensor data for offset
shift/drift upon receipt of a user request, e.g., a user request
communicated to an IMD wvia an external programming
device. The posture sensor data may be analyzed for oflset
shift/dnift imtially upon implantation of an IMD 1n a patient,
¢.g., during an mnitial programming session. In such cases,
reference sensor data may not be defined based on actual
posture sensor data measured for the posture sensor when
implanted 1n the patient. In some examples, a posture sensor
may be evaluated prior to implantation, e.g., during a trial
stimulation period when the posture sensor 1s used by an
external trial stimulator device to detect patient posture state,
to prevent implantation of a posture sensor device exhibiting
oflset shift/drift in an output signal generated by the posture
sensor for cases 1n which the posture sensor to be implanted
1s the same sensor that 1s used during the trial stimulation
period.

If offset shift/driit 1s detected 1n an output signal from one
or more posture sensors, the IMD or other medical device
may determine and apply an oflset correction to the sensor
signal data generated by the posture sensor to address any
inaccuracies in the detection of patient posture state that may
result from the detected offset signal drift and/or shift. For
example, in the case of an oflset shuft/drniit being present 1n
the output signal of only a single axis of a 3-axis acceler-
ometer, an oflset correction value may be determined for one
or more of the three axes of posture sensor to account for the
detected offset shift/drift. Such offset correction values may
be applied to a posture detection algorithm used to analyze
posture sensor data to detect the posture state of the patient
to allow the IMD to accurately detect the posture state of the
patient even though the oflset shift/driit 1s present in the
output of the posture sensor used to generate the posture
sensor data.

FIG. 1 1s a schematic diagram illustrating an implantable
stimulation system 10 including a pair of implantable elec-
trode arrays in the form of stimulation leads 16 A and 16B.
Although the techmiques described in this disclosure are
generally applicable to a variety of medical devices includ-
ing external and implantable medical devices (IMDs), appli-
cation of such techniques to IMDs and, more particularly,
implantable electrical stimulators such as neurostimulators
will be described for purposes of 1llustration. More particu-
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larly, the disclosure will refer to an implantable SCS system
for purposes of illustration, but without limaitation as to other
types of medical devices.

As shown 1n FIG. 1, system 10 includes an IMD 14 and
external programmer 20 shown in conjunction with a patient
12, who 1s ordinarily a human patient. In the example of
FIG. 1, IMD 14 1s an implantable electrical stimulator that
delivers SCS, e.g., for relief of chronic pain or other symp-
toms. Again, although FIG. 1 shows an IMD, other examples
may 1include an external stimulator, e.g., with percutane-
ously implanted leads. Stimulation energy i1s delivered from
IMD 14 to spinal cord 18 of patient 12 via one or more
clectrodes of implantable leads 16 A and 16B (collectively
“leads 16”). In some applications, such as spinal cord
stimulation (SCS) to treat chronic pain, the adjacent
implantable leads 16 may have longitudinal axes that are
substantially parallel to one another.

Although FIG. 1 1s directed to SCS therapy, system 10
may alternatively be directed to any other condition that may
benefit from stimulation therapy. For example, system 10
may be used to treat tremor, Parkinson’s disease, epilepsy,
urinary or fecal incontinence, pelvic pain, sexual dysfunc-
tion, obesity, gastroparesis, or psychiatric disorders (e.g.,
depression, mania, obsessive compulsive disorder, anxiety
disorders, and the like). In this manner, system 10 may be
configured to provide therapy taking the form of deep brain
stimulation (DBS), pelvic floor stimulation, gastric stimu-
lation, or any other stimulation therapy. In these cases, the
leads may be implanted 1n different locations other than the
spinal cord.

Each of leads 16 may include electrodes (not shown in
FIG. 1), and the parameters for a program that controls
delivery of stimulation therapy by IMD 14 may include
information identifying which electrodes have been selected
for delivery of stimulation according to a stimulation pro-
gram, the polarities ol the selected electrodes, 1.e., the
clectrode configuration for the program, and voltage or
current amplitude, pulse rate, and pulse width of stimulation
delivered by the electrodes. Delivery of stimulation pulses
will be described for purposes of illustration. However,
stimulation may be delivered 1n other forms, such as con-
tinuous wavetorms. Programs that control delivery of other
therapies by IMD 12 may include other parameters, e.g.,
such as dosage amount, rate, or the like for drug delivery.

In the example of FIG. 1, leads 16 carry one or more
clectrodes that are placed adjacent to the target tissue of the
spinal cord. One or more electrodes may be disposed at a
distal tip of a lead 16 and/or at other positions at interme-
diate points along the lead. Electrodes of leads 16 transfer
clectrical stimulation generated by IMD 14 to tissue of
patient 12. The electrodes may be electrode pads on a paddle
lead, circular (e.g., ring) electrodes surrounding the body of
leads 16, conformable electrodes, cufl electrodes, segmented
clectrodes, or any other type of electrodes capable of form-
ing unipolar, bipolar or multipolar electrode configurations
for therapy. In general, ring electrodes arranged at different
axial positions at the distal ends of leads 16 will be described
for purposes of 1llustration.

Leads 16 may be implanted within patient 12 and directly
or indirectly (e.g., via a lead extension) coupled to IMD 14.
Alternatively, as mentioned above, leads 16 may be
implanted and coupled to an external stimulator, e.g.,
through a percutaneous port. In some cases, an external
stimulator 1s a trial or screening stimulation that 1s used on
a temporary basis to evaluate potential eflicacy to aid 1n
consideration of chronic implantation for a patient. In addi-
tional examples, IMD 14 may be a leadless stimulator with
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one or more arrays ol electrodes arranged on a housing of
the stimulator rather than leads that extend from the housing.

IMD 14 delivers electrical stimulation therapy to patient
12 via selected combinations of electrodes carried by one or
both of leads 16. The target tissue for the electrical stimu-
lation therapy may be any tissue aflected by electrical
stimulation energy, which may be 1n the form of electrical
stimulation pulses or wavelorms. In some examples, the
target tissue includes nerves, smooth muscle, and skeletal
muscle. In the example illustrated by FIG. 1, the target tissue
1s tissue proximate spinal cord 18, such as within an intrath-
ecal space or epidural space of spinal cord 18, or, in some
examples, adjacent nerves that branch ofl of spinal cord 18.
Leads 16 may be introduced 1nto spinal cord 18 1n via any
suitable region, such as the thoracic, cervical or lumbar
regions. Stimulation of spinal cord 18 may, for example,
prevent pain signals from traveling through the spinal cord
and to the brain of the patient. Patient 12 may perceive the
interruption of pain signals as a reduction 1n pain and,
therefore, eflicacious therapy results.

The deployment of electrodes via leads 16 1s described for
purposes of 1illustration, but arrays of electrodes may be
deployed 1n different ways. For example, a housing associ-
ated with a leadless stimulator may carry arrays of elec-
trodes, e.g., rows and/or columns (or other patterns). Such
clectrodes may be arranged as surface electrodes, ring
clectrodes, or protrusions. As a further alternative, electrode
arrays may be formed by rows and/or columns of electrodes
on one or more paddle leads. In some examples, electrode
arrays may 1nclude electrode segments, which may be
arranged at respective positions around a periphery of a lead,
¢.g., arranged 1n the form of one or more segmented rings
around a circumierence of a cylindrical lead.

In the example of FIG. 1, stimulation energy 1s delivered
by IMD 14 to the spinal cord 18 to reduce the amount of pain
percerved by patient 12. As described above, IMD 14 may
be used with a variety of different therapies, such as periph-
eral nerve stimulation (PNS), peripheral nerve field stimu-
lation (PNFS), DBS, cortical stimulation (CS), pelvic floor
stimulation, gastric stimulation, and the like. The electrical
stimulation delivered by IMD 14 may take the form of
clectrical stimulation pulses or continuous stimulation
wavelorms, and may be characterized by controlled voltage
levels or controlled current levels, as well as pulse width and
pulse rate 1n the case of stimulation pulses.

In some examples, IMD 14 generates and delivers stimu-
lation therapy according to one or more programs. A pro-
gram defines values for one or more parameters that define
an aspect of the therapy delivered by IMD 14 according to
that program. For example, a program that controls delivery
of stimulation by IMD 14 1n the form of pulses may define
a voltage or current pulse amplitude, a pulse width, a pulse
rate, for stimulation pulses delivered by IMD 14 according
to that program. Moreover, therapy may be delivered
according to multiple programs, wherein multiple programs
are contained within each of a plurality of groups.

Each program group may support an alternative therapy
selectable by patient 12, and IMD 14 may deliver therapy
according to the multiple programs. IMD 14 may rotate
through the multiple programs of the group when delivering
stimulation such that numerous conditions of patient 12 are
treated. As an 1llustration, 1n some cases, stimulation pulses
formulated according to parameters defined by different
programs may be delivered on a time-interleaved basis. For
example, a group may include a program directed to leg
pain, a program directed to lower back pain, and a program
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directed to abdomen pain. In this manner, IMD 14 may treat
different symptoms substantially simultaneously.

During use of IMD 14 to treat patient 12, movement of
patient 12 among different posture states may aflfect the
ability of IMD 14 to deliver consistent eflicacious therapy.
For example, posture state changes may present changes 1n
symptoms or symptom levels, e.g., pain level. As another
example, a patient posture state may aflect the relative
location between the electrodes of leads 16 and a target
therapy site. For example, leads 16 may migrate toward
IMD 14 when patient 12 bends at the waist, resulting 1n
displacement of electrodes relative to the target stimulation
site and possible disruption in delivery of effective therapy.
Stimulation energy transferred to target tissue may be
reduced due to electrode migration, which may reduce
therapeutic eflicacy in terms of relief of symptoms, €.g., pain
or an increase in undesirable side effects.

As another example of how posture state may aflect the
relative location between the electrodes of leads 16 and a
target therapy site, leads 16 may be compressed towards
spinal cord 18 when patient 12 lies down. Such compression
may cause an increase 1n the amount of stimulation energy
transierred to the target tissue. An increase in stimulation
energy transferred to the target stimulation site may cause
unusual sensations or an otherwise undesirable intensity of
therapy, which may both be considered undesirable side
cllects that undermine overall eflicacy. Thus, in some
examples, the amplitude of stimulation therapy may need to
be decreased when patient 12 1s lying down to avoid causing
patient 12 additional pain or unusual sensations resulting
from the increased compression near electrodes of leads 16.
The additional pain or unusual sensations may be considered
undesirable side effects that undermine overall eflicacy.

Many other examples of reduced eflicacy due to increased
coupling or decreased coupling of stimulation energy to
target tissue may occur due to changes in posture and/or
activity level associated with patient posture state. To avoid
or reduce possible disruptions in eflective therapy due to
posture state changes, IMD 14 includes a posture state
module that detects the posture state of patient 12 and causes
the IMD 14 to automatically adjust stimulation according to
the detected posture state. For example, a posture state
module may include one or more posture sensors such as an
accelerometer sensor that detects when patient 12 lies down,
stands up, or otherwise changes posture.

In response to a posture state indication by the posture
state module, IMD 14 may change program group, program,
stimulation amplitude, pulse width, pulse rate, and/or one or
more other parameters, groups or programs to maintain
therapeutic eflicacy. When a patient lies down, for example,
IMD 14 may automatically reduce stimulation amplitude so
that patient 12 does not need to reduce stimulation amplitude
manually. In some cases, IMD 14 may communicate with
external programmer 20 to present a proposed change in
stimulation 1n response to a posture state change, and receive
approval or rejection of the change from a user, such as
patient 12 or a clinician, before automatically applying the
therapy change. In some examples, posture state detection
may also be used to provide notifications, such as providing
notification via a wireless link to a care giver that a patient
has potentially experienced a fall.

Referring still to FIG. 1, a user, such as a clinician or
patient 12, may interact with a user interface of external
programmer 20 to program IMD 14. Programming of IMD
14 may refer generally to the generation and transfer of
commands, programs, or other information to control the
operation of IMD 14. For example, external programmer 20
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may transmit programs, parameter adjustments, program
selections, group selections, or other information to control
the operation of IMD 14, e.g., by wireless telemetry. As one
example, external programmer 20 may transmit parameter
adjustments to support therapy modifications relating to
changes in the posture state ol patient 12. As another
example, a user may select programs or program groups.
Again, a program may be characterized by an electrode
combination, electrode polarities, voltage or current ampli-
tude, pulse width, pulse rate, and/or duration. A group may
be characterized by multiple programs that are delivered
simultaneously or on an interleaved or rotating basis.

In some cases, external programmer 20 may be charac-
terized as a physician or clinician programmer 1f 1t 1s
primarily intended for use by a physician or clinician. In
other cases, external programmer 20 may be characterized as
a patient programmer 11 1t 1s primarily itended for use by a
patient. A patient programmer 1s generally accessible to
patient 12 and, in many cases, may be a portable device that
may accompany the patient throughout the patient’s daily
routine. In general, a physician or clinician programmer may
support selection and generation of programs by a clinician
for use by stimulator 14, whereas a patient programmer may
support adjustment and selection of such programs by a
patient during ordinary use.

The postures sensor used by IMD 14 to determine the
posture state of patient 12 may be susceptible to oflset signal
drift and/or oflset signal shiit 1n the sensor signal output. As
will be described turther below, IMD 14 may be configured
to detect the presence of signal oflset shift/drift in the output
signal(s) generated by the one or more posture sensors used
to detect patient posture state. IMD 14 may be programmed
to automatically or semi-automatically analyze the posture
sensor for offset shift/drift on a continuous or periodic basis.
In some examples, patient 12 or another user may direct
IMD 14 to analyze the posture sensor used by IMD 14 to
detect the patient posture state via external programmer 20,
¢.g., as a precautionary measure or based on the perception
of reduced therapeutic eflicacy by patient 12.

To detect ofiset shift/drift in the posture sensor, IMD 14
may receive posture sensor data generated by the posture
sensor when patient 12 occupies a posture state and compare
the received posture sensor data to reference posture sensor
data. Such an analysis may be repeated by IMD 14 for a
plurality of different patient posture states to detect the
presence ol signal offset shift/drift in the output of the
posture sensor of IMD 14. For example, IMD 14 may
receive posture sensor data for each of a plurality posture
states occupied by patient 12, and then, for each posture
state, compare the posture sensor data for the posture states
to reference posture sensor data. In some examples, the
plurality of posture states may include multiple posture
states that are approximately orthogonal to each other within
a posture space 1n which the posture sensor data 1s used to
detect patient posture state. Approximately orthogonal pos-
ture states may be posture states that are within approxi-
mately 30 degrees, such as, e¢.g., within approximately 20
degrees or approximately 10 degrees, of orthogonal to each
other within the posture state space of the posture sensor
output. In this manner, any differences between the reference
posture sensor data and the current posture sensor data
actually received when the patient occupies similar posture
states may be indicative of the presence of signal oflset
shaft/drift. IT 1n the case where the position of the patient 1n
a posture state can be accurately replicated during the time
that the reference posture sensor data 1s acquired and the
during the time that the current posture sensor data 1is
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acquired, then the reference posture sensor data and the
current posture sensor data may include x, y, and z-axis
output for each of the plurality of posture states. In other
cases, e.g., where the postures states cannot be accurately
replicated (e.g. due to 1n ability to position patient accu- 3
rately) then the reference posture sensor data and the current
posture sensor data may include characteristic information,
such as, e.g., the magnitude of a posture vector derived from
cach individual value of the x, y, and z-axis within a
three-dimensional posture space. In some examples, sub- 10
stantially the same posture vector magnitude may be appli-
cable as reference posture sensor data for each posture state

of the patient. In some examples, 1f an oflset shift/drift 1s
detected by IMD 14, IMD 14 may determine an oilset
correction that properly accounts for the detected ofiset 15
shift/dniit, and apply the offset correction to a posture state
detection algorithm used by IMD 14 to detect the posture
state of patient 12 based on the output of the posture sensor.

IMD 14 may be constructed with a biocompatible hous-
ing, such as titanium or stainless steel, or a polymeric 20
material such as silicone or polyurethane, and surgically
implanted at a site 1n patient 18 near the pelvis. IMD 14 may
also be mmplanted 1 patient 12 at a location minimally
noticeable to patient 12. Alternatively, IMD 14 may be
external with percutaneously implanted leads. For SCS, 25
IMD 14 may be located 1n the lower abdomen, lower back,
upper buttocks, or other location to secure IMD 14. L.eads 16
may be tunneled from IMD 14 through tissue to reach the
target tissue adjacent to spinal cord 18 for stimulation
delivery. 30

FIG. 2 1s a conceptual diagram illustrating an implantable
stimulation system 22 including three implantable stimula-
tion leads 16A, 16B, 16C (collectively leads 16). System 22
generally conforms to system 10 of FIG. 1, but includes a
third lead. Accordingly, IMD 14 may deliver stimulation via 35
combinations of electrodes carried by all three leads 16, or
a subset of the three leads. The third lead, e.g., lead 16C,
may include a greater number of electrodes than leads 16A
and 16B and be positioned between leads 16 A and 16B or on
one side of either lead 16A or 16B. The number and 40
configuration of leads 16 may be stored within external
programmer 20 to allow programmer 20 to appropnately
program stimulation therapy or assist in the programming of
stimulation therapy.

In some examples, leads 16 A and 16B each include four 45
clectrodes, while lead 16C includes eight or sixteen elec-
trodes, thereby forming a so-called 4-8-4 or 4-16-4 lead
configuration. Other lead configurations, such as 8-16-8,
8-4-8, 16-8-16, 16-4-16, are possible, whereby the number
in the configuration indication refers to the number of 50
clectrodes 1n a particular electrode column, which may be
defined by a lead 16A-16C. In some cases, electrodes on
lead 16C may be smaller in size and/or closer together than
the electrodes of leads 16 A or 16B. Movement of lead 16C
due to changing activities or postures of patient 12 may, 1n 55
some 1nstances, more severely affect stimulation eflicacy
than movement of leads 16 A or 16B. Patient 12 may further
benefit from the ability of IMD 14 to detect posture states
and associated changes and automatically adjust stimulation
therapy to maintain therapy eflicacy 1n a three lead system 60
22.

FI1G. 3 15 a conceptual diagram illustrating an implantable
drug delivery system 24 including one delivery catheter 28
coupled to IMD 26. As shown 1n the example of FIG. 3, drug
delivery system 24 1s substantially similar to systems 10 and 65
22. However, drug delivery system 24 performs the similar
therapy functions via delivery of one or more therapeutic

16

agents instead of electrical stimulation therapy. IMD 26
functions as a drug pump 1in the example of FIG. 3, and IMD
26 communicates with external programmer 20 to mitialize
therapy or modily therapy during operation. In addition,
IMD 26 may be refillable to allow chronic drug delivery.

A flmid delivery port of catheter 28 may be positioned
within an intrathecal space or epidural space of spinal cord
18, or, in some examples, adjacent nerves that branch off of
spinal cord 18. Although IMD 26 1s shown as coupled to
only one catheter 28 positioned along spinal cord 18, addi-
tional catheters may also be coupled to IMD 26. Multiple
catheters may deliver drugs or other therapeutic agents to the
same anatomical location or the same tissue or organ.
Alternatively, each catheter may deliver therapy to different
tissues within patient 12 for the purpose of treating multiple
symptoms or conditions. In some examples, IMD 26 may be
an external device that includes a percutaneous catheter to
deliver a therapeutic agent to patient 12, ¢.g., in the same
manner as catheter 28. Alternatively, the percutaneous cath-
cter can be coupled to catheter 28, e.g., via a fluid coupler.
In other examples, IMD 26 may include both electrical
stimulation capabilities as described 1n IMD 14 (FIG. 1) and
drug delivery therapy.

IMD 26 may also operate using parameters that define the
method of drug delivery. IMD 26 may include programs, or
groups of programs, that define different delivery methods
for patient 14. For example, a program that controls delivery
of a drug or other therapeutic agent may include a titration
rate or information controlling the timing of bolus deliver-
1ies. Patient 14 may use external programmer 20 to adjust the
programs or groups of programs to regulate the therapy
delivery.

Similar to IMD 14, IMD 26 includes a posture state
module that monitors the patient 12 posture state and adjusts
therapy accordingly. For example, the posture state module
may indicate that patient 12 transitions from lying down to
standing up. IMD 26 may automatically increase the rate of
drug delivered to patient 12 in the standing position 1f patient
12 has indicated that pain increased when standing. This
automated adjustment to therapy based upon posture state
may be activated for all or only a portion of the programs
used by IMD 26 to deliver therapy.

Also similar to IMD 14, a processor of IMD 26 (or
processor of another device) may analyze posture sensor
data generated by a posture sensor to detect whether offset
drift/shift 1s present 1n the posture sensor output using one or
more of the techniques described 1n this disclosure. In some
examples, 11 oflset shiit/driit 1s determined to be present 1n
the posture sensor output signal, IMD 26 may determine an
oflset correction that properly accounts for the detected
oflset shift/driit and applies the offset correction to a posture
state detection algorithm used by IMD 26 to detect the
posture state of patient 12 based on the output of the posture
SENSOr.

FIG. 4 1s a functional block diagram illustrating various
components of an IMD 14. In the example of FIG. 4, IMD
14 includes a processor 80, memory 82, stimulation genera-
tor 84, posture state module 86, telemetry circuit 88, and
power source 90. The stimulation generator 84 forms a
therapy delivery module.

Memory 82 may include any volatile, non-volatile, mag-
netic, optical, or electrical media, such as a random access
memory (RAM), read-only memory (ROM), non-volatile
RAM (NVRAM), electrically-erasable programmable ROM
(EEPROM), flash memory, or any other digital media.
Memory 82 may store instructions for execution by proces-
sor 80, stimulation therapy data, posture state information
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(e.g., posture state definitions, information associating pos-
ture states with therapy programs, and the like), posture state
indications, and any other information regarding therapy or
patient 12.

Memory 82 may store reference posture sensor data for
one or more posture states of patient 12 as well as, for one
or more posture states of patient 12, actual posture sensor
data generated by the posture sensor of posture state module
when patient 12 occupies a respective posture state. As
described herein, such stored posture sensor information
may be used to detect offset shift/drift 1n a signal generated
by a posture sensor. Therapy information may be recorded
for long-term storage and retrieval by a user, and the therapy
information may include any data created by or stored in
IMD 14. Memory 82 may include separate memories for
storing 1nstructions, posture state information, program his-
tories, and any other data that may benefit from separate
physical memory modules.

Processor 80 controls stimulation generator 84 to deliver
clectrical stimulation via electrode combinations formed by
clectrodes 1 one or more electrode arrays. For example,
stimulation generator 84 may deliver electrical stimulation
therapy via electrodes on one or more leads 16, e.g., as
stimulation pulses or continuous waveforms. Components
described as processors within IMD 14, external program-
mer 20 or any other device described 1n this disclosure may
cach comprise one or more processors, such as one or more
microprocessors, digital signal processors (DSPs), applica-
tion specific integrated circuits (ASICs), field programmable
gate arrays (FPGAs), programmable logic circuitry, or the
like, either alone or in any suitable combination. The func-
tions attributed to processors described herein may be
embodied as software, firmware, hardware, or any combi-
nation thereof.

Stimulation generator 84 may include stimulation genera-
tion circuitry to generate stimulation pulses or wavelorms
and switching circuitry to switch the stimulation across
different electrode combinations, e.g., 1n response to control
by processor 80. In particular, processor 80 may control the
switching circuitry on a selective basis to cause stimulation
generator 84 to deliver electrical stimulation to selected
clectrode combinations and to shift the electrical stimulation
to different electrode combinations 1n a first direction or a
second direction when the therapy must be delivered to a
different location within patient 12. In other examples,
stimulation generator 84 may include multiple current
sources to drive more than one electrode combination at one
time. In this case, stimulation generator 84 may decrease
current to the first electrode combination and simultaneously
increase current to the second electrode combination to shiit
the stimulation therapy.

An electrode configuration, e.g., electrode combination
and associated electrode polarities may be represented by a
data stored 1n a memory location, e.g., 1n memory 82, of
IMD 14. Processor 80 may access the memory location to
determine the electrode combination and control stimulation
generator 84 to deliver electrical stimulation via the indi-
cated electrode combination. To adjust electrode combina-
tions, amplitudes, pulse rates, or pulse widths, processor 80
may command stimulation generator 84 to make the appro-
priate changes to therapy according to instructions within
memory 82 and rewrite the memory location to indicate the
changed therapy. In other examples, rather than rewriting a
single memory location, processor 80 may make use of two
or more memory locations.

When activating stimulation, processor 80 may access not
only the memory location specitying the electrode combi-
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nation but also other memory locations specitying various
stimulation parameters such as voltage or current amplitude,
pulse width and pulse rate. Stimulation generator 84, e.g.,
under control of processor 80, then makes use of the
clectrode combination and parameters in formulating and
delivering the electrical stimulation to patient 12.

An exemplary range of electrical stimulation parameters
likely to be eflective in treating chronic pain, e.g., when
applied to spinal cord 18, are listed below. While stimulation
pulses are described, stimulation signals may be of any of a
variety of forms such as sine waves or the like.

1. Pulse Rate: between approximately 0.5 Hz and approxi-
mately 1200 Hz, more preferably between approximately 5
Hz and approximately 250 Hz, and still more preferably
between approximately 30 Hz and approximately 130 Hz.

2. Amplitude: between approximately 0.1 volts and
approximately 50 volts, more preferably between approxi-
mately 0.5 volts and approximately 20 volts, and still more
preferably between approximately 1 volt and approximately
10 volts. In other examples, a current amplitude may be
defined as the biological load 1n the voltage that 1s delivered.
For example, the range of current amplitude may be between
approximately 0.1 milliamps (mA) and approximately 50
mA.

3. Pulse Width: between approximately 10 microseconds
and approximately 5000 microseconds, more preferably
between approximately 100 microseconds and approxi-
mately 1000 microseconds, and still more preferably
between approximately 180 microseconds and approxi-
mately 450 microseconds.

In other applications, different ranges of parameter values
may be used. For DBS, as one example, alleviation or
reduction of symptoms associated with Parkinson’s disease,
essential tremor, epilepsy, psychiatric disorders or other
disorders may make use of stimulation having a pulse rate 1n
the range of approximately 0.5 to approximately 1200 Hz,
such as between approximately 5 to approximately 250 Hz,
or between approximately 30 to approximately 185 Hz, and
a pulse width in the range of approximately 10 microseconds
and approximately 5000 microseconds, such as between
approximately 60 microseconds and approximately 1000
microseconds, or between approximately 60 microseconds
and approximately 450 microseconds, or between approxi-
mately 60 microseconds and approximately 150 microsec-
onds. Amplitude ranges such as those described above with
reference to SCS, or other amplitude ranges, may be used for
different DBS applications. Parameter values and ranges of
values other than the example values described above are
contemplated.

Processor 80 accesses stimulation parameters 1n memory
82, e.g., as programs and groups of programs. Upon selec-
tion of a particular program group, processor 80 may control
stimulation generator 84 to generate and deliver stimulation
according to the programs in the groups, e.g., stmultane-
ously or on a time-interleaved basis. A group may include a
single program or multiple programs. As mentioned previ-
ously, each program may specily a set of stimulation param-
eters, such as amplitude, pulse width and pulse rate. In
addition, each program may specily a particular electrode
combination for delivery of stimulation. Again, the electrode
combination may specily particular electrodes 1 a single
array or multiple arrays, e.g., on a single lead or among
multiple leads. Processor 80 also may control telemetry
circuit 88 to send and receive information to and from
external programmer 20. For example, telemetry circuit 88
may send information to and recerve mnformation from
patient programmer 30.
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Posture state module 86 allows IMD 14 to sense the
patient posture state, e.g., posture, activity or any other static
position or motion of patient 12. In the example of FIG. 4,
posture state module 86 includes posture sensor 87 that
generates one or more sensor signals that may be used to
detect the posture state of patient 12. In some examples,
postures sensor 87 may include one or more accelerometers,
such as a three-axis accelerometer, capable of detecting
static orientation or vectors in three-dimensions (e.g., X, v, Z
coordinate vectors). Example accelerometers may include a
micro-electro-mechanical systems (MEMS)-based acceler-
ometer. In other examples, posture state module 86 may
alternatively or additionally include posture sensor 87 in the
form of one or more gyroscopes, piezoelectric crystals,
pressure transducers or other sensors to sense the posture
state of patient 12. Posture sensor data generated by posture
state module 86 via posture sensor 87 and processor 80 may
correspond to an activity and/or posture undertaken by
patient 12 or a gross level of physical activity, e.g., activity
counts based on footialls or the like.

Posture sensor data from posture state module 86 may be
stored 1n memory 82 for later review by a clinician, used to
adjust therapy, present a posture state indication to patient 12
(e.g., via patient programmer 30) or some combination
thereol. As an example, processor 80 may record one or
more posture sensor parameter values, or output, of the
3-axis accelerometer as posture sensor data and use the
posture sensor data to form posture state reference data for
a certain predefined posture indicated by the posture sensor
data. Using the posture sensor data from posture state
module 86, IMD 14 may be able to track how often patient
12 remains within a certain posture.

Memory 82 may include definitions for each posture state
of patient 12 based on posture state reference data. In one
example, the definitions of each posture state may be 1llus-
trated as a cone 1n three-dimensional space. Whenever the
posture sensor data, e.g., a coordinate vector, from the
three-axis accelerometer of posture state module 86 resides
within a predefined cone defined by the posture state refer-
ence data, processor 80 indicates that patient 12 1s in the
posture state of the cone. In other examples, posture sensor
data from the 3-axis accelerometer may be compared to a
look-up table or applied to an equation to determine the
posture state 1n which patient 12 currently resides.

IMD 14 may also store which group or program was being
used to deliver therapy when patient 12 was 1n the sensed
posture. Further, processor 80 may also adjust therapy for a
new posture when posture state module 86 indicates that
patient 12 has in fact changed posture states. Therefore, IMD
14 may be configured to provide posture-responsive stimu-
lation therapy to patient 12. Stimulation adjustments 1n
response to posture state may be automatic or semi-auto-
matic (subject to patient approval). In many cases, fully
automatic adjustments may be desirable so that IMD 14 may
react more quickly to posture state changes.

Posture-responsive stimulation may allow IMD 14 to
implement a certain level of automation in therapy adjust-
ments. Automatically adjusting stimulation may free patient
12 from the constant task of manually adjusting therapy each
time patient 12 changes posture or starts and stops a certain
posture state. Such manual adjustment of stimulation param-
cters can be tedious, requiring patient 14 to, for example,
depress one or more keys of patient programmer 30 multiple
times during the patient posture state to maintain adequate
symptom control. In some examples, patient 12 may even-
tually be able to enjoy posture state responsive stimulation
therapy without the need to continue making changes for
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different postures via patient programmer 30. Instead,
patient 12 may transition immediately or over time to fully
automatic adjustments based on posture state.

Processor 80 may record one or more posture sensor
parameter values, or output, of the 3-axis accelerometer as
posture sensor data and use the posture sensor data to define
reference posture sensor data in the form of baseline posture
sensor data for the posture state that patient 12 occupied
when the signal output was generated by posture sensor 87.
Such baseline posture sensor data may be compared to
sensor data sensed at a later time when patient 12 occupies
approximately the same posture state to detect the presence
of offset shift/drift 1n the output signal of posture sensor 87.
In some examples, the baseline posture sensor data may be
used to define reference posture sensor data for posture
states other than that of the posture state occupied by patient
12 when the output of the posture sensor was recorded. For
example, processor 80 may define a “typical” magnitude of
a posture vector derived from the outputs of each of the x,
y, and z axes of posture sensor 87 for when patient occupies
multiple posture states, e.g., multiple posture states that are
approximately orthogonal to one another, such as, e.g.,
upright, lying back, and lying left posture states. In some
examples, the “typical” magnitude may be an average of the
posture vector magnitudes derived from the output of a
posture sensor for two or more posture state occupied by
patient 12 or even from a single posture state of patient 12,
¢.g., when the posture vector magnitude 1s known to be
substantially that same in each posture state. The “typical”
reference vector magnitude can then be compared against
any future posture vector magnitude acquired when patient
12 1s in a different posture state than the one or more posture
states that were used to define the reference posture sensor
data. If the “typical” reference vector magnitude and the
current vector magnitude 1s different, or greater than a
difference threshold, then processor 80 may determine that
an ollset shift/drift 1s present. Using the “typical” reference
vector magnitude and the current posture state data, proces-
sor 80 may determine one or more oflset correction values
that may be applied to account for the detected oilset
shuft/drift 1n the signal generated by posture sensor 87.
Processor 80 may store an oflset correction value in memory
82 for application to posture sensor data when analyzed by
processor 80 via a posture state detection algorithm to
determine the posture state of patient 12 at a later time.

Although posture sensor 87 1s described 1n some 1nstances
as including a 3-axis accelerometer, posture state module 86
may contain multiple single-axis accelerometers, dual-axis
accelerometers, 3-axis accelerometers, or some combination
thereol. In some examples, an accelerometer or other sensor
may be located within or on IMD 14, on one of leads 16
(e.g., at the distal tip or at an intermediate position), an
additional sensor lead positioned somewhere within patient
12, within an independent implantable sensor, or even worn
on patient 12. For example, one or more microsensors may
be implanted within patient 12 to communicate posture state
information wirelessly to IMD 14. In this manner, the
posture state of patient 12 may be determined from multiple
posture sensors placed at various locations on or within the
body of patient 12.

In other examples, posture state module 86 may addition-
ally or alternatively be configured to sense one or more
physiological parameters of patient 12. For example, physi-
ological parameters may include heart rate, electromyogra-
phy (EMG), an electroencephalogram (EEG), an electrocar-
diogram (ECG), temperature, respiration rate, or pH. These
physiological parameters may be used by processor 80, in
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some examples, to confirm or reject changes in sensed
posture state that may result from vibration, patient travel
(e.g., 1n an aircrait, car or train), or some other false positive
ol posture state.

In some examples, processor 80 processes the analog
output of posture sensor 87 in posture state module 86 to
determine activity and/or posture data. For example, where
posture sensor 87 comprises an accelerometer, processor 80
or a processor of posture state module 86 may process the
raw signals generated by posture sensor 87 to determine
activity counts. In some examples, processor 80 may process
the signals provided by the posture sensor 87 to determine
velocity of motion information along each axis.

In one example, each of the x, y, and z axis signals
generated by posture sensor 87 has both a DC component
and an AC component. The DC components describes the
gravitational force exerted upon sensor 87 and can thereby
be used to determine orientation of the sensor within the
gravitational field of the earth. Assuming the orientation of
the sensor 1s relatively fixed with respect to the patient, the
DC components of the X, v and z axis signals may be utilized
to determine the patient’s orientation within the gravitational
field, and hence to determine the posture of the patient,
assuming proper orientation of the sensor to the patient’s
body.

The AC component of the X, v and z axis signals yields
information about patient motion. In particular, the AC
component of a signal may be used to derive a value for an
activity describing the patient’s motion. This activity may
involve a level, direction of motion, or acceleration of the
patient.

One method for determining the patient activity 1s by
determining an activity count. An activity count may be used
to indicate the activity or activity level of patient 12. For
example, a signal processor may sum the magnitudes of the
AC portion of an accelerometer signal for N consecutive
samples. For instance, assuming sampling occurs as 25 Hz,
N may be set to 25, so that count logic provides the sum of
the samples that are obtained 1n one second. This sum may
be referred to as an “activity count”. The number “N” of
consecutive samples may be selected by the processor based
on the current posture state, 11 desired. The activity count
may be the activity portion of the activity parameter value
that 1s added to the posture portion. The resulting activity
parameter value may then incorporate both activity and
posture to generate an accurate indication of the motion of
patient 12.

As another example, the activity parameter value may be
defined describing direction of motion. This activity param-
eter value may be associated with a coordinate vector and an
associated tolerance, which may be a distance from the
coordinate vector. Another example of an activity parameter
value relates to acceleration. The value quantifying a level of
change of motion over time 1n a particular direction may be
associated with this parameter referenced in the activity
parameter value.

IMD 14 wireless communicates with external program-
mer 20, e.g., patient programmer 30 or clinician programmer
60, or another device by radio frequency (RF) communica-
tion or proximal inductive interaction of IMD 14 with
external programmer 20. Telemetry circuit 88 may send
information to and receive imnformation from external pro-
grammer 20 on a continuous basis, at periodic intervals, at
non-periodic intervals, or upon request from the stimulator
or programmer. To support RF communication, telemetry
circuit 88 may include appropriate electronic components,
such as amplifiers, filters, mixers, encoders, decoders, and
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the like. The information transmitted and received from
external programmer 20 may include posture sensor data
and/or other mformation used to detect offset shift/driit 1n
the signal output of posture sensor 87 as well as information
used to determine one or more offset correction values to
account for a detected oflset shift/driit.

Power source 90 delivers operating power to the compo-
nents of IMD 14. Power source 90 may include a small
rechargeable or non-rechargeable battery and a power gen-
eration circuit to produce the operating power. Recharging
may be accomplished through proximal imnductive interac-
tion between an external charger and an inductive charging
coil within IMD 14. In some examples, power requirements
may be small enough to allow IMD 14 to utilize patient
motion and implement a kinetic energy-scavenging device
to trickle charge a rechargeable battery. In other examples,
traditional batteries may be used for a limited period of time.
As a further alternative, an external inductive power supply
could transcutanecously power IMD 14 when needed or
desired.

FIG. 5 1s a functional block diagram illustrating various
components of an IMD 26, which delivers a therapeutic
agent to patient 12. IMD 26 1s a drug pump that operates
substantially similar to IMD 14 of FIG. 4, but delivers a
therapeutic agent instead of electrical stimulation. IMD 26
includes processor 92, memory 94, pump module 96, pos-
ture state module 98, telemetry circuit 100, and power
source 102. Posture state module 98 include posture sensor
99. Instead of stimulation generator 84 of IMD 14, IMD 26
includes pump module 96 for delivering drugs or some other
therapeutic agent via catheter 28. Pump module 96 may
include a reservoir to hold the drug and a pump mechanism
to force drug out of catheter 28 and into patient 12.

Processor 92 controls pump module 96 according to
therapy 1nstructions stored within memory 94. For example,
memory 94 may contain the programs or groups of programs
that define the drug delivery therapy for patient 12. A
program may 1ndicate the bolus size or flow rate of the drug,
and processor 92 may accordingly deliver therapy. Processor
92 may also use posture state information from posture state
module 98 to adjust drug delivery therapy when patient 12
changes posture states, e.g., adjusts his or her posture.

FIG. 6 1s a functional block diagram illustrating various
components of an external programmer 20 for IMDs 14 or
26. Programmer 20 may be a handheld computing device, a
workstation or another dedicated or multifunction comput-
ing device. For example, programmer 20 may be a general
purpose computing device (e.g., a personal computer, per-
sonal digital assistant (PDA), cell phone, and so forth) or
may be a computing device dedicated to programming the
IMD. As shown 1n FIG. 6, external programmer 20 1ncludes
processor 104, memory 108, telemetry circuit 110, user
interface 106, and power source 112.

In some examples, external programmer 20 may be
embodied as a patient programmer or a clinician program-
mer. External programmer 20 may provide a user interface
106 for a user, such as a patient 12, clinician, physician,
technician, or nurse, to manage and program stimulation
therapy. As a patient programmer, programmer 20 may
accompany patient 12 throughout a daily routine. In some
cases, programmer 20 may be used by a clinician when
patient 12 visits the clinician 1n a hospaital or clinic. In other
examples, programmer 20 may be a clinician programmer
that remains with the clinician or in the clinic and 1s used by
the clinician and/or patient 12 when the patient 1s 1n the
clinic. In the case of a clinician programmer, small size and
portability may be less important. Accordingly, a clinician
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programmer may be sized larger than a patient programmer,
and 1t may provide a larger screen for more full-featured
programming.

Using programmer 20, a user may program stimulation
therapy (e.g., selecting stimulation parameter values),
modily programs or groups, retrieve stored therapy data,
retrieve posture state information from an IMD or another
device, define posture states and other activity information,
or any other therapy related function. In addition, program-
mer 20 may be capable of communicating with a networked
server 1n order to send or receive an email or other message,
retrieve programming instructions, access a help guide, send
an error message, or perform any other function that may be
beneficial to prompt therapy.

Processor 104 processes instructions by memory 108 and
may store user input received through user interface 106 into
the memory when appropriate for the current therapy. In
addition, processor 104 provides and supports any of the
tfunctionality described herein with respect to each example
of user interface 106. Processor 104 may comprise any one
or more ol a microprocessor, DSP, ASIC, FPGA, or other
digital logic circuitry, and the functions attributed to pro-
grammer 104 may be embodied as software, firmware,
hardware or any combination thereof.

Memory 108 may include any one or more of a RAM,
ROM, EEPROM, flash memory or the like. Memory 108
may include mstructions for operating user interface 106,
telemetry module 110 and managing power source 112.
Memory 108 may store program instructions that, when
executed by processor 104, cause processor 104 and pro-
grammer 20 to provide the functionality ascribed to them
herein. In some examples, memory 108 may store informa-
tion for one or more therapy programs used to define therapy
delivered from IMD 14 to patient 12. Additionally or alter-
natively, therapy program information may be stored in
memory 82 of IMD 14. Memory 108 also includes instruc-
tions for generating and delivering programming commands
to IMD 14, such as a programming command that 1nstructs
IMD 14 to activate or deactivate a posture-responsive
therapy mode. Memory 108 may also include a removable
memory portion that may be used to provide memory
updates or increases 1 memory capacities. A removable
memory may also allow patient data to be easily transterred
to another computing device, or to be removed before
programmer 20 1s used to program therapy for another
patient.

A clinician, patient 12, or another user (e.g., a patient
carctaker) interacts with user interface 106 in order to
manually change the stimulation parameter values of a
program, change programs within a group, turn posture-
responsive stimulation ON or OFF, view therapy informa-
tion, view posture state mformation, or otherwise commu-
nicate with IMDs 14 or 26.

User interface 106 may include a screen and one or more
mechanisms, such as, buttons, as in the example of patient
programmer 30, that allow external programmer 20 to
receive mput from a user. Alternatively, user interface 106
may additionally or only utilize a touch screen display, as in
the example of clinician programmer 60. The screen may be
a liquid crystal display (LCD), dot matrix display, organic
light-emitting diode (OLED) display, touch screen, or any
other device capable of delivering and/or accepting infor-
mation. For visible posture state indications, a display screen
may suilice. For audible and/or tactile posture state indica-
tions, programmer 20 may further include one or more audio
speakers, voice synthesizer chips, piezoelectric buzzers, or

the like.
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Processor 104 controls user intertace 106, retrieves data
from memory 108 and stores data within memory 108.
Processor 104 also controls the transmission of data through
telemetry circuit 110 to IMDs 14 or 26. Memory 108
includes operation instructions for processor 104 and data
related to patient 12 therapy.

Telemetry circuit 110 allows the transfer of data to and
from IMD 14, or IMD 26. Telemetry circuit 110 may
communicate automatically with IMD 14 at a scheduled
time or when the telemetry circuit detects the proximity of
the stimulator. Alternatively, telemetry circuit 110 may com-
municate with IMD 14 when signaled by a user through user
interface 106. To support RF communication, telemetry
circuit 110 may include appropriate electronic components,
such as amplifiers, filters, mixers, encoders, decoders, and
the like. Power source 112 may be a rechargeable battery,
such as a lithium 1on or nickel metal hydride battery. Other
rechargeable or conventional batteries may also be used. In
some cases, external programmer 20 may be used when
coupled to an alternating current (AC) outlet, 1.e., AC line
power, etther directly or via an AC/DC adapter. Although not
shown 1n FIG. 6, in some examples, external programmer 20
may iclude a charger module capable of recharging a power
source, such as a rechargeable battery that may be included
in power source 90 of IMD 14. Hence, 1n some cases, the
programmer may be integrated with recharging components
to form a combined programmer/recharger unit.

FIG. 7 1s a block diagram 1llustrating an example system
120 that includes an external device, such as a server 122,
and one or more computing devices 124A-124N, that are
coupled to IMD 14 and external programmer 20 shown 1n
FIGS. 1A-1C via a network 126. In this example, IMD 14
may use its telemetry circuit 88 to communicate with
external programmer 20 via a first wireless connection, and
to communication with an access pomnt 128 via a second
wireless connection. In other examples, IMD 26 may also be
used 1n place of IMD 14, and external programmer 20 may
be etther patient programmer 30 or clinician programmer 60.

In the example of FIG. 7, access poimnt 128, external
programmer 20, server 122, and computing devices 124 A-
124N are interconnected, and able to communicate with
cach other, through network 126. In some cases, one or more
ol access point 128, external programmer 20, server 122,
and computing devices 124A-124N may be coupled to
network 126 through one or more wireless connections.
IMD 14, external programmer 20, server 122, and comput-
ing devices 124 A-124N may each comprise one or more
processors, such as one or more microprocessors, DSPs,
ASICs, FPGAs, programmable logic circuitry, or the like,
that may perform various functions and operations, such as
those described 1n this disclosure.

Access point 128 may comprise a device, such as a home
monitoring device, that connects to network 126 via any of
a variety ol connections, such as telephone dial-up, digital
subscriber line (DSL), or cable modem connections. In other
examples, access point 128 may be coupled to network 126
through different forms of connections, including wired or
wireless connections.

During operation, IMD 14 may collect and store various
forms of data. For example, IMD 14 may collect sensed
posture state information during therapy that indicate how
patient 12 moves throughout each day. In some cases, IMD
14 may directly analyze the collected data to evaluate the
patient posture state, such as what percentage of time patient
12 was 1n each identified posture. In other cases, however,
IMD 14 may send stored data relating to posture state
information to external programmer 20 and/or server 122,
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either wirelessly or via access pomt 128 and network 126,
for remote processing and analysis. For example, IMD 14
may sense, process, trend and evaluate the sensed posture
state nformation. This communication may occur in real
time, and network 126 may allow a remote climician to
review the current patient posture state by receiving a
presentation of a posture state indication on a remote dis-
play, e.g., computing device 124A. Alternatively, process-
ing, trending and evaluation functions may be distributed to
other devices such as external programmer 20 or server 122,
which are coupled to network 126. In addition, posture state
information may be archived by any of such devices, e.g.,
for later retrieval and analysis by a clinician

In some cases, IMD 14, external programmer 20 or server
122 may process posture sensor information, posture sensor
data, and/or therapy information into a displayable posture
state report, which may be displayed via external program-
mer 20 or one of computing devices 124A-124N. The
posture state report may contain trend data for evaluation by
a clinician, e.g., by visual inspection of graphic data. In
some cases, the posture state report may include the number
of activities patient 12 conducted, a percentage ol time
patient 12 was 1n each posture state, the average time patient
12 was continuously within a posture state, what group or
program was being used to deliver therapy during each
activity, the number of adjustments to therapy during each
respective posture state, or any other information relevant to
patient 12 therapy, based on analysis and evaluation per-
formed automatically by IMD 14, external programmer 20
or server 122. A climician or other trained professional may
review and/or annotate the posture state report, and possibly
identily any problems or 1ssues with the therapy that should
be addressed.

In some examples, IMD 14 may collect and store posture
sensor data used for the detection of offset drift/shift in
posture sensor 87. In some cases, IMD 14 may directly
analyze the collected data to detect oflset shiit/drift and/or
determine oflset correction value(s) to correct the detected
oflset drift/shift. In other cases, however, IMD 14 may send
posture sensor data to external programmer 20 and/or server
122, either wirelessly or via access point 128 and network
126, for remote processing and analysis. This communica-
tion may occur 1n real time, and network 126 may allow a
remote clinician to review the stored posture sensor data,
¢.g., via computing device 124A.

In some cases, server 122 may be configured to provide
a secure storage site for archival of posture state information
that has been collected from IMD 14 and/or external pro-
grammer 20. Network 126 may comprise a local area
network, wide area network, or global network, such as the
Internet. In some cases, external programmer 20 or server
122 may assemble posture state information 1n web pages or
other documents for viewing by trained professionals, such
as clinicians, via viewing terminals associated with comput-
ing devices 124A-124N. System 120 may be implemented,
in some aspects, with general network technology and
functionality similar to that provided by the Medtronic
CareLink® Network developed by Medtronic, Inc., of Min-
neapolis, Minn.

Although some examples of the disclosure may mnvolve
posture sensor data and other posture state information,
system 120 may be employed to distribute any information
relating to the treatment of patient 12 and the operation of
any device associated therewith. For example, system 120
may allow therapy errors or device errors to be immediately
reported to the clinician. In addition, system 120 may allow
the clinician to remotely intervene 1n the therapy and repro-
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gram IMD 14, patient programmer 30, or communicate with
patient 12. In an additional example, the clinician may
utilize system 120 to monitor multiple patients and share
data with other clinicians in an effort to coordinate rapid
evolution of eflective treatment of patients.

Furthermore, although the disclosure 1s described with
respect to SCS therapy, such techniques may be applicable
to IMDs that convey other therapies in which posture state
information 1s mmportant, such as, e.g., DBS, pelvic floor
stimulation, gastric stimulation, occipital stimulation, func-
tional electrical stimulation, and the like. Also, in some
aspects, techniques for evaluating posture sensor data, as
described in this disclosure, may be applied to IMDs that are
generally dedicated to sensing or monitoring and do not
include stimulation or other therapy components. For
example, an implantable monitoring device may be
implanted 1 conjunction with an implantable stimulation
device, and be configured to evaluate sensing integrity of
leads or electrodes associated with the implantable moni-
toring device based on sensed signals evoked by delivery of
stimulation by the implantable stimulation device.

FIGS. 8A-8C are conceptual diagrams 1illustrating
example posture state spaces 140, 152, 155 within which
posture state reference data may define the posture state of
patient 12. Posture state reference data may define certain
regions associated with particular posture states of patient 12
within the respective posture state spaces 140, 152, 155. The
output of posture sensor 87 may be analyzed by posture state
module 86 with respect to posture state spaces 140, 152, 155
to determine the posture state of patient 12. For example, 1
the output of posture sensor 87 1s within a particular posture
region defined by posture state reference data, posture state
module 86 may determine that patient 12 1s within the
posture state associated with the respective posture state
region.

In some cases, one or more posture state regions may be
defined as posture state cones. Posture state cones may be
used to define a posture state of patient 12 based on the
output from posture sensor 87 of a posture state according to
an example method for posture state detection. A posture
state cone may be centered about a posture state reference
coordinate vector that corresponds to a particular posture
state. In the examples of FIGS. 8A and 8B, the posture
sensor 87 of IMD 14 or IMD 26 may include a three-axis
accelerometer that provides data indicating the posture state
of patient 12, to sense posture vectors. While the sensed
posture data may be indicative of any posture state, postures
of patient 12 will generally be used below to illustrate the
concept of posture cones. As shown 1n FIG. 8 A, posture state
space 140 represents a vertical plane dividing patient 12
from left and right sides, or the sagittal plane. A posture
sensor parameter value from two axes of posture sensor 87
may be used to determine the current posture state of patient
12 according to the posture state space 140. The posture state
data may include x, vy and z coordinate values.

A posture cone may be defined by a reference coordinate
vector for a given posture state in combination with a
distance or angle defining a range of coordinate vectors
within a cone surrounding the posture reference coordinate
vector. Alternatively, a posture cone may be defined by a
reference coordinate vector and a range of cosine values
computed using the reference coordinate vector as an adja-
cent vector and any of the outermost vectors of the cone as
a hypotenuse vector. If a sensed posture vector 1s within an
applicable angle or distance of the reference coordinate
vector, or if the sensed posture vector and the reference
coordinate vector produce a cosine value in a specified




US 9,566,441 B2

27

cosine range, then posture vector 1s determined to reside
within the posture cone defined by the reference coordinate
vector.

Posture state space 140 1s segmented 1nto different posture
cones that are indicative of a certain posture state of patient
12. In the example of FIG. 8A, upright cone 142 indicates
that patient 12 1s sitting or standing upright, lying back cone
148 1ndicates that patient 12 1s lying back down, lying front
cone 144 indicates that patient 12 1s lying chest down, and
inverted cone 146 indicates that patient 12 1s in an mnverted
position. Other cones may be provided, e.g., to indicate that
patient 12 1s lying on the right side or left side. For example,
a lying right posture cone and a lying left posture cone
positioned outside of the sagittal plane illustrated in FIG.
8A. In particular, the lying right and lying left posture cones
may be positioned 1n a coronal plane substantially perpen-
dicular to the sagittal plane illustrated 1n FIG. 8A. For ease
of 1llustration, lying right and lying leit cones are not shown
in FIG. 8A.

Vertical axis 141 and horizontal axis 143 are provided for
orientation ol posture state arca 140, and are shown as
orthogonal for purposes of illustration. However, posture
cones may have respective posture reference coordinate
vectors that are not orthogonal 1n some cases. For example,
individual reference coordinate vectors for cones 142 and
146 may not share the same axis, and reference coordinate
vectors for cones 144 and 148 may not share the same axis.
Also, reference coordinate vectors for cones 144 and 148
may or may not be orthogonal to reference coordinates
vectors for cones 142, 146. Theretfore, although orthogonal
axes are shown in FIG. 8A for purposes of illustration,
respective posture cones may be defined by individualized
reference coordinate vectors for the cones.

IMD 14 may monitor the output of posture sensor 87 to
determine a sensed coordinate vector and 1dentify the cur-
rent posture of patient 12 by identifying which cone the
sensed coordinated vector resides. For example, 11 the output
of posture sensor 87 defines a sensed coordinate vector that
talls within lying front cone 144, IMD 14 determines that
patient 12 1s lying down on their chest. IMD 14 may store
this posture imnformation as a determined posture state or as
posture sensor data from the posture sensor, change therapy
according to the posture, or both. Additionally, IMD 14 may
communicate the posture information to patient programmer
30 so that the patient programmer can present a posture state
indication to patient 12.

In addition, posture state area 140 may include hysteresis
zones 150A, 1508, 150C, and 150D (collectively “hyster-
esis zones 1507). Hysteresis zones 150 are positions within
posture state area 140 where no posture cones have been
defined. Hysteresis zones 150 may be particularly useful
when IMD 14 utilizes the posture state information and
posture cones to adjust therapy automatically. If the posture
sensor indicates that patient 12 1s 1 upright cone 142, IMD
14 would not detect that patient 12 has entered a new posture
cone until the output of posture sensor 87 indicates a
different posture cone. For example, 11 IMD 14 determines
that patient 12 moves to within hysteresis zone 150A from
upright cone 142, IMD 14 retains the posture as upright. In
this manner, IMD 14 does not change the corresponding
therapy until patient 12 fully enters a different posture cone.
Hysteresis zones 150 prevent IMD 14 from continually
oscillating between diflerent therapies when patient 12’s
posture state resides near a posture cone boundary.

Each posture cone 142, 144, 146, 148 may be defined by
an angle 1n relation to a reference coordinate vector defined
for the respective posture cone. Alternatively, some posture
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cones may be defined by an angle relative to a reference
coordinate vector for another posture cone. For example,
lying postures may be defined by an angle with respect to a
reference coordinate vector for an upright posture cone. In
cach case, as described 1n further detail below, each posture
cone may be defined by an angle 1n relation to a reference
coordinate posture vector defined for a particular posture
state. The reference coordinate vector may be defined based
on posture sensor data generated by a posture sensor while
patient 12 occupies a particular posture state desired to be
defined using the reference coordinate vector. For example,
a patient may be asked to occupy a posture so that a
reference coordinate vector can be sensed for the respective
posture. In this manner, vertical axis 141 may be specified
according to the patient’s actual orientation. Then, a posture
cone can be defined using the reference coordinate vector as
the center of the cone.

Vertical axis 141 1n FIG. 8 A may correspond to a refer-
ence coordinate vector sensed while the patient was occu-
pying an upright posture state. Similarly, a horizontal axis
143 may correspond to a reference coordinate vector sensed
while the patient 1s occupying a lying posture state. A
posture cone may be defined with respect to the reference
coordinate vector. Although a single axis 1s shown extending
through the upright and inverted cones 142, 146, and another
single axis 1s shown extending through the lying down and
lying up cones 144, 148, individual reference coordinate
vectors may be used for respective cones, and the reference
coordinate vectors may not share the same axes, depending
on differences between the reference coordinate vectors
obtained for the posture cones.

Posture cones may be defined by the same angle or
different angles, symmetrical to either axis, or asymmetrical
to either axis. For example, upright cone 142 may have an
angle of eighty degrees, +40 degrees to —40 degrees from the
positive vertical axis 141. In some cases, lying cones may be
defined relative to the reference coordinate vector of the
upright cone 142. For example, lying up cone 148 may have
an angle of eighty degrees, —50 degrees to —130 degrees
from the positive vertical axis 141. Inverted cone 146 may
have an angle of eighty degrees, —140 degrees to +140
degrees from vertical axis 141. In addition, lying down cone
144 may have an angle of eighty degrees, +50 degrees to
+130 degrees from the positive vertical axis 141. In other
examples, each posture cone may have varying angle defi-
nitions, and the angles may change during therapy delivery
to achieve the most eflective therapy for patient 12.

Alternatively or additionally, instead of an angle, posture
cones 144, 146, 148, 148 may be defined by a cosine value
or range of cosine values 1n relation to vertical axis 141,
horizontal axis 143, or some other axis, such as, e.g.,
individual reference coordinate vectors for the respective
cones. For example, a posture cone may be defined by a
cosine value that defines the minimum cosine value, calcu-
lated using a reference coordinate vector and a respective
coordinate vector sensed by a posture sensor at any point 1n
time. In the cosine computation, the value (adjacent/hypot-
enuse) can be computed using the magnitude of the coor-
dinate reference vector as the adjacent and a vector at the
outermost extent of the cone as the hypotenuse to define a
range of cosine values consistent with the outer bound of the
cone.

For upright cone 142, the cosine range may extend from
the maximum cosine value of 1.0, corresponding to a sensed
vector that matches the reference coordinate vector of the
upright cone, to a minimum cosine value that corresponds to
a sensed vector at the outer limit of the upright cone. As
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another example, for lying cone 144, the cosine range may
extend from the maximum cosine value of 1.0, correspond-
ing to a sensed vector that matches the reference coordinate
vector of the lying cone, to a minimum cosine value that
corresponds to a sensed vector at the outer limit of the lying
cone. Alternatively, the lying cone 144 may be defined with
reference to the upright cone 142, such that the cosine range
may extend between a maximum and minimum values
determined relative to the reference coordinate vector for the

upright cone.

In other examples, posture state areca 140 may include
additional posture cones than those shown in FIG. 8A. For
example, a reclimng cone may be located between upright
cone 142 and lying back cone 148 to indicate when patient
12 1s reclining back (e.g., 1n a dorsal direction). In this
position, patient 12 may need a different therapy to eflec-
tively treat symptoms. Diflerent therapy programs may
provide eflicacious therapy to patient 12 when patient 12 1s
in each of an upright posture (e.g., within upright cone 142),
lying back posture (e.g., within lying back cone 148), and a
reclining back posture. Thus, a posture cone that defines the
reclining back posture may be usetful for providing eflica-
cious posture-responsive therapy to patient 12. In other
examples, posture state area 140 may include fewer posture
cones than cones 142, 144, 146, 148 shown 1n FIG. 8A. For
example, inverted cone 146 may be replaced by a larger
lying back cone 148 and lying front cone 144.

FIG. 8B illustrates an example posture state space 152
that 1s a three-dimensional space in which posture sensor
data from posture sensor 87 i1s placed in relation to the
posture cones. Posture state space 152 1s substantially simi-
lar to posture state arca 140 of FIG. 8A. However, the
posture sensor data derived from all three axes of a 3-axis
accelerometer may be used to accurately determine the
posture state of patient 12. In the example of FIG. 8B,
posture state space 152 includes upright cone 154, lying
back cone 156, and lying front cone 158. Posture state space
152 also includes hysteresis zones (not shown) similar to
those of posture state area 140. In the example of FIG. 8B,
the hysteresis zones are the spaces not occupied by a posture
cone, e.g., upright cone 154, lying back cone 156, and lying
front cone 1358.

Posture cones 154, 156 and 1358 also are defined by a
respective center line 153 A, 153B, or 153C, and associated
cone angle A, B or C. For example, upright cone 154 1is
defined by center line 153 A that runs through the center of
upright cone 154. Center line 153 A may correspond to an
axis ol the posture sensor or some other calibrated vector. In
some embodiments, each center line 153 A, 1538, 153C may
correspond to a posture reference coordinate vectors defined
for the respective postures, e.g., the upright posture. For
instance, assuming that patient 12 1s standing, the DC
portion of the X, y, and z signals detected by the posture
sensor of posture state module 86 define a posture vector that
corresponds to center line 153A. The x, vy, and z signals may
be measured while patient 12 1s known to be 1n a specified
position, e.g., standing, and the measured vector may be
correlated with the upright posture state. Thereafter, when
the DC portions of the posture sensor signal are within some
predetermined cone tolerance or proximity, e.g., as defined
by an angle, distance or cosine value, of the posture refer-
ence coordinate vector (1.e., center line 153A), it may be
determined that patient 12 1s in the upright posture. In this
manner, a sensed posture coordinate vector may be initially
measured based on the output of one or more posture sensors
of posture state module 86, associated with a posture state,
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such as upright, as a reference coordinate vector, and then
later used to detect a patient’s posture state.

As previously indicated, 1t may be desirable to allow some
tolerance to be associated with a defined posture state,
thereby defining a posture cone or other volume. For
instance, i regard to the upright posture state, 1t may be
desirable to determine that a patient who i1s upright but
leaming slightly 1s still in the same upright posture state.
Thus, the definition of a posture state may generally include
not only a posture reference coordinate vector (e.g., center
line 153A), but also a specified tolerance. One way to
specily a tolerance 1s by providing an angle, such as cone
angle A, relative to coordinate reference vector 153 A, which
results 1n posture cone 154 as described herein. Cone angle
A 1s the deflection angle, or radius, of upright cone 154. The
total angle that each posture cone spans 1s double the cone
angle. The cone angles A, B, and C may be generally
between approximately 1 degree and approximately 70
degrees. In other examples, cone angles A, B, and C may be
between approximately 10 degrees and 30 degrees. In the
example of FIG. 8B, cone angles A, B, and C are approxi-
mately 20 degrees. Cone angles A, B, and C may be
different, and center lines 1533 A, 153B, and 153C may not be
orthogonal to each other.

In some examples, a tolerance may be specified by a
cosine value or range of cosine values. The use of cosine
values, 1n some cases, may provide substantial processing
elliciencies. As described above, for example, a minimum
cosine value, determined using the reference coordinate
vector as adjacent and sensed coordinate vector as hypot-
enuse, mdicates the range of vectors inside the cone. If a
sensed coordinate vector, in conjunction with the reference
coordinate vector for a posture cone, produces a cosine value
that 1s less than the minimum cosine value for the posture
cone, the sensed coordinate vector does not reside within the
pertinent posture cone. In this manner, the minimum cosine
value may define the outer bound of a range of cosine values
within a particular posture cone defined in part by a refer-
ence coordinate vector.

While center lines 153A, 153B, 153C of each of the
posture cones 154, 156, 158, respectively, are shown 1n FIG.
8B as being substantially orthogonal to each other, in other
examples, center lines 153A, 153B, and 153C may not be
orthogonal to each other. Again, the relative orientation of
center lines 153A, 1538, 153C may depend on the actual
reference coordinate vector output of the posture sensor of
posture state module 86 of IMD 14 when patient 12 occupies
the respective postures.

In some cases, all of the posture cones may be mdividu-
ally defined based on actual reference coordinate vectors.
Alternatively, 1n some cases, some posture cones may be
defined with reference to one or more reference coordinate
vectors for one or more other posture cones. For example,
lying reference coordinate vectors could be assumed to be
orthogonal to an upright reference coordinate vector. Alter-
natively, lying reference coordinate vectors could be indi-
vidually determined based on sensed coordinate vectors
when the patient 1s 1n respective lying postures. Hence, the
actual reference coordinate vectors for different postures
may be orthogonal or non-orthogonal with respect to one
another.

In addition to upright cone 154, lying back cone 156, and
lying front cone 158, posture state space 152 may include
additional posture cones. For example, a lying right cone
may be provided to define a patient posture 1n which patient
12 1s lying on his right side and a lying left cone may be
provided to define a patient posture 1n which patient 12 1s
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lying on his left side. In some cases, the lying right cone and
lying left cone may be positioned approximately orthogonal
to upright cones 154, 1n approximately the same plane as
lying back cone 156 and lying front cone 158. Moreover,
posture state space 152 may include an inverted cone
positioned approximately opposite ol upright cone 154.
Such a cone indicates that the patient’s posture 1s mverted
from the upright posture, 1.e., upside down.

In some examples, to detect the posture state of a patient,
posture state module 86 of IMD 14 may determine a sensed
coordinate vector based on the posture sensor data generated
by one or more posture sensors, and then analyze the sensed
coordinate vector with respect to posture cones 154, 156,
158 of FIG. 8B. For example, in a case in which a posture
cone 1s defined by a reference coordinate vector and a
tolerance angle, e.g., tolerance angle “A.” posture state
module 86 may determine whether the sensed coordinate
vector 1s within upright posture cone 154 by calculating the
angle between the sensed coordinate vector and reference
coordinate vector, and then determine whether the angle 1s
less than the tolerance angle “A.” If so, posture state module
86 determines that the sensed coordinate vector 1s within
upright posture cone 154 and detects that patient 12 1s 1n the
upright posture. If posture state module 86 determines that
sensed coordinate vector 1s not within upright posture cone
154, posture state module 86 detects that patient 12 1s not 1n
the upright posture.

Posture state module 86 may analyze the sensed coordi-
nate vector in posture state space 152 with respect to each
individual defined posture cone, such as posture cones 156
and 158, in such a manner to determine the posture state of
patient 12. For example, posture state module 86 may
determine the angle between the sensed coordinate vector
and reference coordinate vector of individual posture cones
defined for the posture state, and compare the determined
angle to the tolerance angle defined for the respective
posture cone. In this manner, a sensed coordinate vector may
be evaluated against each posture cone until a match 1s
detected, 1.e., until the sensed coordinate vector 1s found to
reside 1 one of the posture cones. Hence, a cone-by-cone
analysis 1s one option for posture detection.

In other examples, different posture detection analysis
techniques may be applied. For example, instead of testing
a sensed coordinate vector against posture cones on a
cone-by-cone basis, a phased approach may be applied
where the sensed coordinate vector 1s classified as either
upright or not upright. In this case, 1f the sensed coordinate
vector 1s not 1n the upright cone, posture state module 86
may determine whether the sensed coordinate vector 1s 1n a
lying posture, either by testing the sensed coordinate vector
against individual lying posture cones or testing the sensed
coordinate vector against a generalized lying posture vol-
ume, such as a donut- or toroid-like volume that includes all
of the lying postures, and may be defined using an angle or
cosine range relative to the upright vector, or relative to a
modified or virtual upright vector as will be described. In
some cases, 1f lying postures are defined by cones, the lying
volume could be defined as a logical OR of the donut- or
toroid-like volume and the volumes of the lying posture
cones. If the cones are larger such that some portions extend
beyond the lying volume, then those portions can be added
to the lying volume using the logical OR-like operation.

If the sensed coordinate vector resides within the donut-
or toroid-like lying volume, then the sensed coordinate
vector may be tested against each of a plurality of lying
posture cones 1n the lying volume. Alternatively, the posture
detection technique may not use lying cones. Instead, a
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posture detection technique may rely on a proximity test
between the sensed coordinate vector and each of the
reference coordinate vectors for the respective lying pos-
tures. The proximity test may rely on angle, cosine value or
distance to determine which of the lying posture reference
coordinate vectors 1s closest to the sensed coordinate vector.
For example, the reference coordinate vector that produces
the largest cosine value with the sensed coordinate vector as
hypotenuse and the reference coordinate vector as adjacent
1s the closest reference coordinate vector. In this case, the
lying posture associated with the reference coordinate vector
producing the largest cosine value 1s the detected posture.
Hence, there are a variety of ways to detect posture, such as
using posture cones, using an upright posture cone with
lying volume and lying posture cone test, or using an upright
posture cone with lying volume and lying vector proximity
test.

As a further illustration of an example posture detection
technique, posture state module 86 may first determine
whether patient 12 1s generally 1n a lying posture state or
upright posture state by analyzing the sensed coordinate
vector 1 posture state space 152 with respect to an axis
153 A for the upright posture state. Axis 153 A may corre-
spond to the upright reference coordinate vector. For
example, angle “A” may be used to define upright posture
cone 154, as described above, and angles “D” and “E” may
be used to define the vector space 1n which patient 12 may
be generally considered to be in the lying posture state,
regardless of the particular posture state cone, e.g., lying
front cone 158, lying back cone 156, lying right cone (not
shown), or lying leit cone (not shown), 1n which the sensed
coordinate vector falls.

IT 1t 1s determined that a sensed coordinate vector 1s not
within an angle A of the axis 153A, then 1t may be deter-
mined that the patient 1s not 1n the upright posture indicated
by the upright posture cone. In this case, 1t may next be
determined whether a sensed coordinated vector 1s generally
in a lying posture space volume, which may be considered
somewhat donut- or toroid-like, and may be defined relative
to the upright reference coordinate vector 153A. As shown,
angles “D” and “E” define the minimum and maximum
angle values, respectively, that a sensed vector may form
with respect to axis 153 A of patient 12 for a determination
to be made that the patient 1s generally 1n the lying posture
state. Again, cosine values may be used 1nstead of angles to
determine the positions of sensed coordinate vectors relative
to posture cones or other posture volumes, or relative to

reference coordinate vectors.

As 1illustrated, angles “D” and “E’ may be defined with
respect to vertical axis 153 A (which may correspond to an
upright reference coordinate vector), which 1s the reference
coordinate vector for the upright posture cone, rather than
with respect to a reference coordinate vector of a lying
posture state cone. If a sensed vector 1s within the angular
range of D to E, relative to axis 153A, then 1t can be
determined by posture state module 86 that the patient 1s
generally mm a lying posture. Alternatively, i some
examples, an angle C could be defined according to a
generally horizontal axis 153C (which may correspond to
one of the lying reference coordinate vectors). In this case,
if a sensed vector 1s within angle C of axis 153C, 1t can be
determined by posture state module 86 that the patient 1s 1n
a lying posture. In each case, the region generally defining
the lying posture state may be referred to as a posture donut
or posture toroid, rather than a posture cone. The posture
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donut may generally encompass a range of vectors that are
considered to be representative of various lying down pos-
tures.

As an alternative, posture state module 86 may rely on
cosine values or a range of cosine values to define the
posture donut or toroid with respect to axis 153 A. When the
sensed vector falls within the vector space defined by axis
153A and angles “D” and “E”, or produces a cosine value
with the reference coordinate vector 153A 1n a prescribed
range, posture state module 86 may determine that patient 12
1s generally i a lying posture state. For example, if the
sensed vector and reference coordinate vector 153 produce
a cosine value 1n a first range, the posture 1s upright. It the
cosine value 1s 1n a second range, the posture 1s lying. If the
cosine value 1s outside of the first and second ranges, the
posture may be indeterminate. The first range may corre-
spond to the range of cosine values that would be produced
by vectors 1n posture cone 154 defined by angle A, and the
second range may be correspond to cosine values that would
be produced by vectors 1 the posture donut defined by
angles D and E.

When the sensed vector fall within the vector space
defined by axis 153 A and angles “D” and “E”, as indicated
by angle or cosine value, posture state module 86 may then
determine the particular lying posture state occupied by
patient 12, e.g., lying front, lying back, lying right, or lying
left. To determine the particular lying posture state occupied
by patient 12, posture state module 86 may analyze the
sensed vector with respect to reference coordinate vectors
for individual lying posture state cones, e.g., lying front cone
156, lying back cone 138, lying right cone (not shown), and
lying left cone (not shown), using one more techniques
previously described, such as angle or cosine techniques.
For example, posture state module 86 may determine
whether the sensed coordinated vector resides within one of
the lying posture state cones and, 1f so, select the posture
state corresponding to that cone as the detected posture state.

FIG. 8C 1illustrates an example posture state space 1355
that 1s a three-dimensional space substantially similar to
posture state space 152 of FIG. 8B. Posture state space 155
includes upright posture cone 157 defined by reference
coordinate vector 167. The tolerance that defines upright
posture cone 157 with respect to reference coordinate vector
167 may include a tolerance angle or cosine value, as
described above. In contrast to determining whether a
sensed coordinate vector resides 1n a lying cone, FIG. 8C
illustrates a method for detecting a lying posture based on
proximity of a sensed coordinate vector to one of the
reference coordinate vectors for the lying postures.

As shown 1 FIG. 8C, posture state space 155 includes
four reference coordinate vectors 159, 161, 163, 165, which
are associated with lying left, lying right, lying front, and
lying back posture states, respectively. Posture state module
86 may have defined each of the four reference coordinated
vector 159, 161, 163, 165 based on the output of one or more
posture sensors while patient 12 occupied each of the
corresponding posture states. Unlike lying front and lying
back posture cones 158, 156 in the example of FIG. 8B, the
posture state reference data for the four defined posture
states corresponding to reference vectors 159, 161, 163, 165
need not include angles defined relative to the respective
reference vector in a manner that defines a posture cone.
Rather, as will be described below, the respective posture
state reference vectors may be analyzed with respect to one
another in terms of cosine values to determine which par-
ticular reference coordinate vector 1s nearest in proximity to
a sensed coordinate vector.
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In some examples, to determine the posture state of
patient 12, posture state module 85 may determine whether
a sensed coordinate vector 1s within upright posture cone
157 by analyzing the sensed coordinate vector 1n view of the
tolerance angle or cosine value(s) defined with respect to
upright posture reference coordinate vector 167, or whether
the sensed vector 1s within a posture donut or toroid defined
by a range of angles (as 1n FIG. 8B) or cosine values with
respect to upright posture reference coordinate vector 167, in
which case posture state module 86 may determine that
patient 12 1s 1n a general lying posture state.

If posture state module 86 determines that patient 12 1s
occupying a general lying posture state, posture state mod-
ule 86 may then calculate the cosine value of the sensed
coordinate vector with respect to each lying reference coor-
dinate vectors 159, 161, 163, 165. In such a case, posture
state module 86 determines the particular lying posture state
of patient 12, 1.¢., lying left, lying right, lying front, lying
back, based on which cosine value 1s the greatest of the four
cosine values. For example, 1f the cosine value calculated
with the sensed vector as the hypotenuse and the lying front
reference vector 163 as the adjacent vector 1s the largest
value of the four cosine values, the sensed vector may be
considered closest 1 proximity to lying front reference
vector out of the four total reference vectors 159, 161, 163,
165. Accordingly, posture state module 85 may determine
that patient 12 1s occupying a lying front posture state.

In some examples, posture state module 86 may deter-
mine whether patient 12 1s generally 1n a lying posture state
based on the relationship of a sensed vector to upright
reference vector 167. For example, as described above, a
lying posture donut or toroid may be defined with respect to
upright posture reference vector 167, e.g., using angles D
and E as i FIG. 8B. Such a technique may be approprate
when lying posture reference vectors 139, 161, 163, 165
define a common plane substantially orthogonal to upright
posture reference vector 167. However, the lying posture
reference vectors 159, 161, 163, 165 may not 1n fact be
orthogonal to the upright reference coordinate vector 167.
Also, the lying posture reference vectors 159, 161, 163, 165
may not reside in the same plane.

To account for non-orthogonal reference vectors, in other
examples, a lying posture donut or toroid may be defined
with respect to a modified or virtual upright reference vector
169 rather than that actual upright posture reference vector
167. Again, such a technique may be used in situations 1n
which the lying reference vectors 159, 161, 163, 1635 are not
in a common plane, or the common plane of reference vector
159, 161, 163, 165 1s not substantially orthogonal to upright
reference vector 167. However, use of the example tech-
nique 1s not limited to such situations.

To define virtual upright reference vector 169, posture
state module 86 may compute the cross-products of various
combinations of lying reference vectors 159, 161, 163, 165
and average the cross product values. In the example of FIG.
8C, posture state module 86 may compute four cross prod-
ucts and average the four cross product vectors to yield the
virtual upright vector. The cross product operations that may
be performed are: lying left vector 159xlying back vector
165, lying back vector 165xlying right vector 161, lying
right vector 161xlying front vector 163, and lying front
vector 163xlying lett vector 159. Each cross product yields
a vector that 1s orthogonal to the two lying reference vectors
that were crossed. Averaging each of the cross product
vectors yields a virtual upright reference vector that 1s
orthogonal to lying plane 171 approximately formed by
lying reference vectors 159, 161, 163, 165.
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Using virtual upright reference vector 169, posture state
module 86 may define a lying posture donut or toroid in a
manner similar to that described with respect to upright
reference vector 167, but instead with respect to virtual
upright reference vector 169. In particular, when posture
state module 86 determines that the patient 1s not 1n the
upright posture, the posture state module determines
whether the patient 1s 1n a lying posture based on an angle
or cosine value with respect to the virtual upright reference
vector 169.

Posture state module 86 may still determine whether
patient 12 1s 1n an upright posture state using upright posture
cone 157. If posture state module 86 determines that patient
12 1s occupying a general lying posture state based on the
analysis of the sensed coordinate vector with respect to
virtual upright reference vector 169, posture state module 86
may then calculate the cosine value of the sensed coordinate
vector (as hypotenuse) with respect to each lying reference
coordinate vectors 159, 161, 163, 165 (as adjacent).

In such a case, posture state module 86 determines the
particular lying posture state of patient 12, 1.e., lying left,
lying right, lying front, lying back, based on which cosine
value 1s the greatest of the four cosine values. For example,
if the cosine value calculated with the lying front reference
vector 163 1s the largest value of the four cosine values, the
sensed vector may be considered closest in proximity to
lying front reference vector out of the four total reference
vectors 159, 161, 163, 165. Accordingly, posture state mod-
ule 85 may determine that patient 12 1s occupying a lying
front posture state.

Additionally, posture state definitions are not limited to
posture cones. For example, a defimtion of a posture state
may involve a posture vector and a tolerance, such as a
maximum distance from the posture vector. So long as a
detected posture vector 1s within this maximum distance
from the posture vector that 1s included 1n the definition of
the posture state, patient 12 may be classified as being 1n that
posture state. This alternative method may allow posture
states to be detected without calculating angles, as 1s exem-
plified above 1n the discussion related to posture cones.

Further to the foregoing, posture states may be defined
that are specific to a particular patient’s activities and/or
proiession. For instance, a bank teller may spend a signifi-
cant portion of his working day leaning forward at a par-
ticular angle. A patient-specific “Leamng Forward” posture
state including this angle may be defined. The cone angle or
other tolerance value selected for this posture state may be
specific to the particular posture state definition for this
patient. In this manner, the defined posture states may be
tailored to a specific user, and need not be “hard-coded” in
the IMD.

In some examples, individual posture states may be linked
together, thereby tying posture states to a common set of
posture reference data and a common set of therapy param-
cter values. This may, 1n eflect, merge multiple posture
cones for purposes ol posture state-based selection of
therapy parameter values. For example, all lying posture
state cones (back, front, left, right) could be treated as one
cone or a donut/toroid, e.g., using a technique the same as or
similar to that described with respect to FIGS. 8B and 8C to
define a donut, toroid or other volume. One program group
or common set of therapy parameter values may apply to all
posture states in the same merged cone, according to the
linking status of the posture states, as directed via external
programmer 20.

Merging posture cones or otherwise linking a plurality of
posture states together may be useful for examples 1n which
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a common set of therapy parameter values provides etflica-
cious therapy to patient 12 for the plurality of posture states.
In such an example, linking a plurality of posture states
together may help decrease the power consumption required
to provide posture-responsive therapy to patient 12 because
the computation required to track patient posture states and
provide responsive therapy adjustments may be mimmized
when a plurality of posture states are linked together.

Linking of posture states also may permit a therapy
parameter value adjustment in one posture state to be
associated with multiple posture states at the same time. For
example, the same amplitude level for one or more programs
may be applied to all of the posture states 1n a linked set of
posture states. Alternatively, the lying down posture states
may all reside within a “donut™ or toroid that would be used
instead ol separate comes 156 and 158, for example. The
toroid may be divided into sectional segments that each
correspond to different posture states, such as lying (back),
lying (front), lying (right), lying (left) instead of individual
cones. In this case, different posture reference data and
therapy parameter values may be assigned to the diflerent
sectional segments of the toroid.

As described above, in some examples, an oflset signal
shift and/or offset signal drift may be present in the output
signal of a posture sensor such as an accelerometer. For
example, for a 3-axis accelerometer sensor, oflset shift/driit
may be present 1n the output signal for one, two, or all three
axes of the accelerometer sensor.

FIGS. 9A-D are conceptual diagrams illustrating example
posture vectors 182, 184 within 3-dimensional posture state
space 180. For purposes of illustration, the examples of FIG.
9A-D are described with regard to IMD 14 which utilizes a
3-axis accelerometer for posture sensor 87 that generates
output signals for each of x, y, and z axis for measuring
acceleration force 1n units of centi-G’s (¢(G). However, other
device and sensor configurations are contemplated.

As labeled 1n FIGS. 9A-D, the positive direction of the
y-axis ol the accelerometer sensor 1s aligned with the upright
reference vector, 1.e., V(Upright Ret), used by processor 80
as the reference vector for the upright posture state of patient
12. In the example of FIGS. 9A-9D, the upright vector 1s
defined by signal output of [0,100,0] cG for the X, v, and z
axis, respectiully, generated by posture sensor 87. Similarly,
the lying front reference vector, 1.e., V(Lying Front Ref) and
lying back reference vector, 1.e., V(Lying Back Ref) are
aligned with the negative and the positive directions, respec-
tively, of the z-axis of the accelerometer sensor. The lying
front reference vector may be defined by signal output of
[0,0,-100] ¢G for the x, y, and z axis generated by posture
sensor 87, and the lying back reference vector may be
defined by signal output of [0,0,100] c¢G for the x, v, and z
axis. The lying left reference vector, 1.e., V(Lying Left Ret)
1s aligned with the negative direction of the x-axis of the
accelerometer sensor, and may be defined by a signal output
of [-100,0,0] ¢G for the X, v, and z axis generated by posture
sensor 87. The lying right reference vector 1s not shown 1n

FIGS. 9A-D.

Within posture state space 180 of FIGS. 9A-D, first
posture vector 182 represents a vector determined by IMD
14 based on posture sensor data generated by posture sensor
87 of posture state module 86 when an ofiset shift/drift 1n not
present (or not present 1 any substantial amount) in the
signal output of posture sensor 87. Conversely, second
posture vector 184 represents a vector determined by IMD
14 based on posture sensor data generated by posture sensor
87 of posture state module 86 when an ofiset shift/drift 1s
present 1n the signal output of posture sensor 87. More
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specifically, 1n the case of second posture vector 184, an
oflset shift of +40 cG 1s present in the z-axis signal of
posture sensor 87 with substantially no offset shift/driit
present 1n x-axis or y-axis signal. To 1llustrate the influence
that oflset signal shift/drift may have on the posture sensor
data generated by posture sensor 87, especially with regard
to the use of such data for posture detection, first and second
posture vectors 182, 184 are shown simultaneously within
posture state space 180 1n FIGS. 9B-9D, despite the fact that
such posture sensor data would not be generated simulta-
neously by posture sensor 87 but rather at different points in
time, €.g., a time when oflset shift/driit 1s present and a time
when oflset shift/drift 1s not present 1n the signal output.
In FIG. 9A, processor 80 of IMD 14 determines first
posture vector 182 based on a posture sensor signal output
of [0,50,86.6] ¢G within posture state space of 180. Such a
sensor signal may be generated by posture sensor 87 when
patient 12 reclines back along the z-axis to approximately 60
degrees from the virtual upright reference vector. Processor
80 may employ Equation 1 to determine the angle of first
vector 182 from the virtual upright reference vector:

(1)

o —1( Xl «x2+ yley2+z1 %72 ]
calc = COS

V12 + y12 + 712 «Vx22 + y22 + 722

where x1, yv1, and z1 are the values of the upright reference
vector along the X, y, and z axis, respectively, and where x2,
y2, and z2 are the sensor output values along the x, y, and
7 axis, respectively, when patients occupies the reclined
posture state corresponding to first posture vector 184. The
magnitude of first posture vector 182 determined by pro-
cessor 80 of IMD 14 based on the output of [0,50,86.6] cG
1s approximately 100 c¢G. Processor 80 may employ Equa-
tion 2 to determine the magnitude of a vector, V(mag), as:

Vimag)=(V,>+V,>+V, )" (2)

where V_ 1s the signal value along the x-axis, V, 1s the signal
value along the y-axis, and V_ 1s the signal value along the
Z-ax1s.

In FIG. 9B, first posture vector 182 1s shown within
posture state space 180 1n substantially the same position as
that 1n FIG. 9A. Second posture vector 184 1s also shown in
FIG. 9B. Second posture vector 184 may be determined by
processor 80 of IMD 14 based on the posture sensor signal
output generated when patient 12 occupies substantially the
same actual posture state as that of first posture vector 182.
However, unlike that of first posture vector 182, IMD 14
determines second posture vector 184 using posture sensor
data generated by posture sensor 87 when a +40 c¢G offset
shift 1s present in the z-axis signal. Because of the offset
shuft, n FIG. 9B, processor 80 determines the second
posture vector based on a posture sensor output of [0,50,
126.6] c¢G rather than a sensor output of [0,50,86.6] cG. In
such an scenario, IMD 14 may detect that patient 12 has
reclined along the z-axis to approximately 68.5 degrees from
the virtual uprnight reference vector (e.g., using Equation 1)
despite the fact that patient 12 maintains substantially the
same actual posture state. In addition to detecting a different
angle relative to the virtual upright reference vector, pro-
cessor 80 of IMD 14 may determine that the magnitude of
second posture vector 184 1s approximately 136 ¢G com-
pared to that of approximately 100 ¢G determined for first
posture vector 182. Again, processor 80 may employ Equa-

tion 2 to determine the magnitude of first and second vectors
182, 184.
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In FIG. 9C, processor 80 of IMD 14 determines first
posture vector 182 based on a posture sensor signal output
of [0,65.6,75.5] cG within posture state space of 180. Such
a sensor signal may be generated by posture sensor 87 when
patient 12 reclines back along the z-axis to approximately 49
degrees from the virtual upright reference vector. Using the
posture sensor signal output of [0,65.6,75.5] ¢G, processor
80 may determine that first posture vector 182 has a mag-
nitude of approximately 100 c¢G, which 1s approximately
equal to that of the magnitude of first posture vector 182
shown 1 FIGS. 9A and 9B.

In FIG. 9C, processor 80 of IMD 14 determines second
posture vector 184 based on the posture sensor signal output
generated when patient 12 occupies substantially the same
actual posture state as that of first posture vector 182 as
shown 1 FIG. 9C. However, unlike that of first posture
vector 182, IMD 14 determines second posture vector 184
using posture sensor data generated by posture sensor 87
when a +40 c¢G oflset shift 1s present in the z-axis signal.
Because of the oflset shift, in FIG. 9C, processor 80 deter-
mines second posture vector 184 based on a posture sensor
output of [0,65.6,115.5] ¢G rather than a sensor output of
[0,65.6,75.5] ¢G. In such an scenario, IMD 14 may detect
that patient 12 has reclined along the z-axis to approximately
60.4 degrees from the upright reference vector rather than
approximately 49 degrees despite the fact that patient 12
maintains substantially the same actual posture state. In
addition to detecting a different angle relative to the virtual
upright reference vector, processor 80 may determine that
the magnitude of second posture vector 184 i1s approxi-
mately 136.1 ¢G compared to that of approximately 100 ¢cG
for first posture vector 182.

In FIG. 9D, processor 80 determines first posture vector
182 based on a posture sensor signal output of [0,30.9,—
95.1] ¢G within posture state space of 180. Such a sensor
signal may be generated by posture sensor 87 when patient
12 leans forward along the z-axis to approximately 72
degrees from the virtual upright reference vector. Using the
posture sensor signal output of [0,30.9,—-95.1] ¢G, processor
80 may determine that first posture vector 182 has a mag-
nitude of approximately 100 c¢G, which 1s approximately
equal to that of the magnitude of first posture vector 182
shown 1 FIGS. 9A-C.

In FIG. 9D, processor 80 determines second posture
vector 184 based on the posture sensor signal output gen-
crated when patient 12 occupies substantially the same
actual posture state as that of first posture vector 182 as
shown 1 FIG. 9D. However, unlike that of first posture
vector 182, IMD 14 determines second posture vector 184
using posture sensor data generated by posture sensor 87
when a +40 c¢G oflset shift 1s present in the z-axis signal.
Because of the oflset shift, in FIG. 9C, processor 80 deter-
mines second posture vector 184 based on a posture sensor
output of [0,30.9,-55.1] ¢G rather than a sensor output of
[0,30.9,-95.1]. In such an scenario, IMD 14 may detect that
patient 12 has leaned forward along the z-axis to approxi-
mately 60.7 degrees from the virtual upright reference vector
rather than approximately 72 degrees despite the fact that
patient 12 maintains substantially the same actual posture
state. In addition detecting a different angle relative to the
virtual upright reference vector, processor 80 may determine
that the magnmitude of second posture vector 184 1s approxi-
mately 63.2 compared to that of approximately 100 ¢G for
first posture vector 182.

As 1llustrated by FIGS. 9A-D, the presence of an offset
shift/drift 1n the output signal of postures sensor 87 can
influence the position of a posture vector in posture state
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space 180 detected by IMD 14 using the postures sensor data
from posture sensor 87. In some 1instances, the presence of
an oflset shift/drift may inhibit the ability of IMD 14 to
detect the actual posture state of patient 12 using the posture
sensor generated by posture sensor 87. For example, when
a +40 cG offset shift 1s present as i FIGS. 9A-D, 1n a
scenar1o 1in which the upper boundary of a postures cone that
defines the zone within posture space 180 for the “lying
back™ posture state 1s approximately 60 degrees from the
virtual upright vector on the positive z-axis, patient 12
would need only actually lean back approximately 49
degrees from the virtual upright vector toward the positive
z-ax1s for processor 80 of IMD 14 to detect that patient 12
1s approximately at the 60 degree upper boundary of the
lying back posture cone based on the posture state data
generated by posture sensor 87 at that point 1n time. In this
manner, the presence of the offset signal drift 1n essence
moves the upper boundary of the lying back posture cone
about 11 degrees to approximately 49 degrees from the
upright vector along the positive z-axis. When patient 12
actually leans back approximately 60 degrees, processor 80
of IMD 14 detects that patient 12 1s beyond the upper
boundary of the lying posture cone but instead 1s leaning
back approximately 68.5 degrees from the virtual upright
vector.

Similarly, 1n the presence of the same +40 c¢G oflset shift,
for a scenario 1n which the upper boundary of a postures
cone that defines the zone within posture space 180 for the
“lying front” posture state 1s approximately 60 degrees from
the virtual upright vector on the negative z-axis, patient 12
would need to actually lean forward approximately 72
degrees from the virtual upright vector toward the positive
z-ax1s for IMD 14 to detect that patient 12 1s approximately
at the 60 degree upper boundary of the lying front posture
cone based on the posture state data generated by posture
sensor 87 at that point in time. In this manner, the presence
ol the offset signal drift in essence moves the upper bound-
ary of the lying front posture cone about 12 degrees to
approximately 72 degrees from the upright vector along the
positive z-axis.

FIGS. 10A, 10B, 11A and 11B are conceptual diagrams
illustrating patient 12 from a side view to demonstrate the
influence that the presence of offset shift/drift in the signal
output generated can have on posture state detection. FIGS.
10A and 11A show the orientation of lying front posture
cone 188a and lying back posture cone 190a for examples
in which an offset shift 1s not present in any substantial
amount 1n the output signal generated by posture sensor 87,
as was the case for the posture sensor data used to determine
first posture vector 182 1n FIGS. 9A-D. Conversely, FIGS.
10B and 11B show the orientation of lying front posture
cone 1886 and lying back posture cone 19056 for examples
in which an oflset shift 1s present in the output signal
generated by posture sensor 87, e.g., as was the case for the
posture sensor data used to determine second posture vector
184 1n FIGS. 9B-D.

As shown, the presence of the ofiset shift in the signal
output of posture sensor in FIGS. 10B and 11B eflectively
skews lying back posture cone 19056 toward the upright
vector and lying front posture cone away from the upright
vector. In FIGS. 10A and 10B, patient 12 occupies an
example upright posture state and IMD 14 may detect that
patient 1s 1n an upright posture state (or at least not within
either lying front posture cones 188a, 18856 or lying back
posture cones 190a, 1905) based on the posture sensor data
generated by posture sensor in each instance. However, 1n
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upright vector. In the example of FIG. 11A, processor 80 of
IMD 14 may detect that patient 12 1s still outside the lying
back posture cone 190a and lying front posture cone 188a
based on the posture sensor data generated by posture sensor
87. Conversely, 1n the example of FIG. 11B, processor 80 of
IMD 14 may detect that patient 12 1s within lying back
posture cone 190a. As such, IMD 14 may detect that patient
12 1s not 1n the lying back posture state in the example of
FIG. 11A but detect that patient 12 1s in the lying back
posture state 1n the example of FIG. 11B even though patient
12 occupies substantially the same reclined position 1n both
FIGS. 11A and 11B. In cases in which IMD 14 delivers
therapy to patient 12 according to the detected posture state
of patient 12, IMD 14 may deliver a different therapy to
patient 12 in the scenarios of FIG. 11A and FIG. 11B based
on the different posture states that may be detected by IMD
14 1n each scenario. As illustrated by the above, while the
posture sensor data from a posture sensor may be indicative
ol a posture state of patient 12 (e.g., when analyzed relative
to posture state reference data), when oflset shift/drift 1s
present in the output of posture sensor 87, such data may not
accurately reflect the actual posture state of patient 12 1n
some 1nstances.

In accordance with one or more examples of the present
disclosure, IMD 14 or other processing device may be
configured to detect the presence of an oflset signal shift/
driit 1n the output signal(s) generated by posture sensor 87.
For example, processor 80 of IMD 14 may detect the
presence of oflset shiit/driit in the output signal(s) generated
by posture sensor 87 by comparing posture sensor data
generated by posture state sensor 87, e.g., when patient 12
occuplies one or more specilic posture states to reference
postures sensor data. In some 1nstances, upon detection of
the presence of an offset shift/driit 1n the output signal(s)
generated by posture sensor 87, processor 80 may determine
an appropriate oilset correction to be applied to the posture
sensor data to account for the oflset shift/drift identified 1n
the signal output of posture sensor 87.

FIG. 12 1s a flow diagram illustrating an example tech-
nique for detecting the presence of signal ofiset shift/drift in
the output signal(s) of a posture sensor. For ease of descrip-
tion, the example technique of FIG. 12, as well as the
examples of FIGS. 13-16 are described with regard to
patient 12 and therapy system 10 including IMD 14 and
external programmer 20. Also, as before, the following
examples are described for examples in which posture
sensor 87 of IMD 14 includes a three-axis accelerometer that
generates signal outputs for each of the x, vy, and z axes that
defines at least 1n part posture sensor data used by processor
80 of IMD 14 to detect the posture state of patient 12.
However, devices and configurations other than that
described are contemplated. For example, IMD 14 may
include multiple, single or multi-axis accelerometer devices
or other posture sensors to define posture state data that may
be analyzed by processor 80 to determine the posture state
of patient 12. The following example techniques are primar-
1ly described as being performed by IMD 14. However, 1n
other examples, all or portions of the example techniques
may be carried out by other devices, such as, e.g., external
programmer 30 (FIG. 1) or other external computing device,
in addition to or as an alternative to IMD 14.

In the example of FIG. 12, processor 80 of IMD 14
receives postures sensor data from posture sensor 87 when
patient 12 occupies a first posture state (e.g., upright, lying
back, lying front, lying leit, or lying right)(192). In this case,
patient 12 may be known to occupy the first posture state
when the posture sensor data 1s recerved. Patient 12 may be
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guided by a clinician to the first posture state, e.g., for the
dedicated purpose of checking for offset shift/drift, and/or
patient 12 may be instructed to occupy the first posture state,
¢.g., via user mtertace 106. Processor 80 then compares the
posture sensor data generated when patient 12 1s 1n the first
posture state to reference posture sensor data, which may be
stored 1n memory 82 of IMD 14 and/or memory 108 of
programmer 20 (194). In some examples, the reference
posture sensor data may be associated with the first posture
state and may be unique to the first posture state or may be
reference posture sensor data used for comparison to
received posture sensor data for a plurality of diflerent
posture states. Accordingly, the reference posture sensor
data compared to the received posture sensor data may be
specific to the first posture state or may be generally appli-
cable to posture sensor data received from posture sensor 87
regardless of the posture state of patient 12.

Based on the comparison of the posture sensor data
generated by posture sensor 87 to reference posture sensor
data, processor 80 may determine whether a signal offset
shift/drift 1s present in the output of posture sensor 87 (196).
In some examples, upon detection of offset shift/driit, pro-
cessor 80 and/or another processor device may carry out
steps to correcting for the presence of the offset shift/driit in
the output of posture sensor 87 for use in detecting the
posture state of patient 12. Additionally or alternatively,
processor 80 may generate an alert or other indication that
1s communicated to a user, such as, patient 12 or a clinician.
Based on the indication, the user may verity the detection
and/or determine what, 1f any, steps should be taken to
correct the offset shift/drift in the output of posture sensor
87.

As described above, posture sensor data analyzed by
processor 80 may mclude output signal values sampled from
cach of the x, y, and z, axis signals of posture sensor 87. For
example, in the case of first posture vector 182 in FIG. 9A,
the posture sensor data may include values of zero cGs, 50
cGs, and 86.6 c¢Gs for the x, y, and z-axis, respectively.
Processor 80 may determine values for each of the x, vy, and
7z axis from a single sample of the output of posture sensor
87 or a plurality of samples, e.g., an average of multiple
samples values, of the output of posture sensor 87. In some
examples, the posture sensor data may include a magnitude
ol the coordinate vector determined based on the values for
cach of the x, vy, and z-axis, which may be determined by
processor 80, for example, using Equation 2. For ease of
description, such a vector may be referred to 1n this disclo-
sure 1n some instances as a posture vector. As such, the
posture sensor data may include values for each of the x, v,
and z-axis and/or one or more magnitudes of the posture
vector dertved from x, vy, and z-axis values. Processor 80
may store posture state data used to 1dentily whether or not
an oflset shift/drift 1s present in memory 82, memory 108
(FIG. 6), or memory of other device.

Based on the actual posture sensor signal output of
posture sensor 87 recerved while patient 12 occupies the first
posture state (192), processor 80 may determine posture
sensor data for the first posture state based on the output of
posture sensor 87. For example, processor may determine an
average value for each of the x, y, and z-axis signals
generated by posture sensor 87 at one or more instances
during all or a portion of the time that patient 12 occupies the
first posture state. Additionally or alternatively, processor 80
may determine a magnmitude of the posture vector based on
the value(s) of each of the x, y, and z-axis signals generated
during the time that patient occupies the first posture state.
Other metrics which are determined based on the output
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generated by posture sensor 87 and that may be used by
processor 80 to identity the presence of ofiset shift/driit in
the output of posture sensor 87 via one or more examples
described herein are also contemplated.

The sensor output generated by posture sensor 87 when
patient 12 1s in the first posture state (192) may or may not
include offset shuft/drift in one or more of the output signals
(one or more of the X, y, and z-axis signals) of posture sensor
87. To determine whether an oft:

set shift/drift 1s present in
one or more of the output signals, processor 80 may compare
the posture sensor data received when patient 12 occupies
the first posture state to reference posture sensor data (194).
The reference postures sensor data may be stored in memory
82 and/or memory 108.

In some examples, the reference posture sensor data
compared to the received posture sensor data (194) may
include posture sensor data representative of posture sensor
data generated by posture sensor 87 when patient 12 occu-
pies the first posture state at a time when substantially no
oflset shift/drift 1s present or at least present only in an
acceptable amount. In such an instance, the comparison of
the reference posture sensor data to the posture sensor data
determined based on the posture sensor output generated
when patient 12 occupies the first posture state may include
processor 80 determining the differences between the
respective posture sensor data. If processor 80 determines
that one or more diflerences exist between the reference
posture sensor data and the posture sensor data determined
from the output of posture sensor 87 (192), processor 80
may detect that an oflset shift/drift in present in one or more
of the output signal(s) generated by posture sensor. In some
examples, processor 80 may detect that an offset shift/drift
1s present 1n the output of posture sensor 80 11 the diflerence
between the respective posture sensor data 1s greater than a
threshold wvalue. The threshold value may be prepro-
grammed, €.g., by a clinician, and stored in memory 82. In
some examples, the threshold value may correspond to the
variability iherent 1 the output signal(s) generated by
posture sensor 87, e.g., due to varying gain error on each
axis. Conversely, 1 processor 80 determines that there is
substantially no difference between the baseline posture
sensor data and the posture sensor data determined from the
output of posture sensor 87 (192), then processor 80 may
determine that offset shiit/driit 1s not present or not present
in any substantial amount 1n the output signal(s) generated
by posture sensor 87. In some examples, processor 80 may
repeat the example technique of FIG. 12 for a plurality of
posture states ol patient 12 rather than only a first posture
state. For example, such a process may be carried out for at
least three posture states of patient 12 1n the case of a posture
sensor including outputs along each of an x, y, and z axis. In
some examples, the reference posture sensor date includes a
“typical” vector magnitude that 1s compared to the current
vector magnitude for each of the at least three posture states.
In some examples, the three posture states of patient 12 may
be approximately orthogonal to each other within the three-
dimensional posture state space defined by the x, y, and z
axis outputs. In this manner, the posture sensor data for at
least one of the three posture states of patient may be
influenced by an oflset shift/drift in the output of posture
sensor 87 when present to a degree that may be result 1n a
difference between the posture sensor data and reference
posture sensor data.

The reference posture sensor data may be defined by a
value or range of values for each of one or more parameters
of posture sensor data. In some examples, the range may be
defined by a parameter value 1n combination with value
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range above and below that parameter value that defines the
overall range of the baseline parameter value. For purposes
of comparison, the reference posture sensor data may be
defined in terms of parameters that are substantially the
same as those parameters used to define the posture sensor
data determined by processor 80 based on the output of
posture sensor 87 (192). For example, 11 the reference
posture sensor data for the first posture state 1s defined in
part by a value or range of values for the magnitude of a
vector representative ol posture sensor output, processor 80
may determine the magnitude of the posture vector (e.g.,
using Equation 2) from the output of posture sensor 87 along,
the x, v, and z-axis when patient 12 occupies the first posture
state (192). Stmalarly, 11 the reference posture sensor data for
the first posture state 1s defined 1n part by a value or range
of values for output of posture sensor along each axis, then
processor 80 may determine the value from the output of
posture sensor along each axis when patient 12 occupies the
first posture state (192).

In this manner, processor 80 may readily compare the
determined posture vector magnitude value to the value or
range of values for the magnitude defining the reference
magnitude defined for the first posture state. The reference
magnitude may be value unique to the first posture state of
the patient or a value applicable to multiple patient posture
states, e.g., substantially all patient posture states. Likewise,
if the reference posture sensor data 1s defined 1n part by a
value or range of values for the output signal of each of the
individual axis of posture sensor 87, the processor 80 may
determine a value for the output signal of each of the
individual axis of posture sensor 87 when patient 12 occu-
pies the first posture state (192). Again, in this manner,
processor 80 may readily compare the respective posture
sensor data, e.g., to determine whether or not one or more
differences exist that may be indicative of the presence of
oflset shift/drift in the output of posture sensor 87.

In some examples, processor 80 may evaluate the output
of posture sensor 87 for the presence of oflset shift/driit for
only a single posture state, as shown in FIG. 12. In other
examples, processor 80 may be configured to repeat the
example technique of FIG. 12 for a plurality of posture
states. For example, processor 80 may evaluate the output of
posture sensor 87 according to the example of FIG. 12 for
two or more of an upright posture state, lying back posture
state, lying front posture state, lying right posture state, and
lying left posture state. As described above, mn some
example, processor 80 may evaluate the output of posture
sensor 87 according to the example of FIG. 12 for at least
three posture states that are approximately orthogonal to
cach other (e.g., upright, lying back or front, and lying right
or left posture states). In the case of a posture sensor
including outputs along two-axes rather than three, proces-
sor 80 may evaluate the output of posture sensor 87 accord-
ing to the example of FIG. 12 for at least two posture states
that are approximately orthogonal to each other within the
two-dimensional posture space of the posture sensor output.
In each case, the multiple posture states may be distributed
throughout the posture state area or space of the posture
sensor output.

Reference posture sensor data may be defined for each of
the respective posture states, and may be stored, e.g., in
memory 82 or memory 108 of programmer 20. In some
examples, the reference posture sensor data associated with
cach individual posture state may be different from one
another (e.g., for examples 1 which values for the output
signal of each individual axis of posture sensor 87 are define
the baseline posture sensor data), while in other examples,
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the reference values for two or more different posture states
may be substantially the same as one another (e.g., for
example 1 which values for the magnitude of a posture
vector derived from the output of each axis of posture sensor
define the baseline posture state data).

In some examples 1n which processor 80 1s configured to
perform the techmique of FIG. 12 for a plurality of posture
states, processor 80 may cycle through some or all of the
plurality of posture states regardless of the outcome of the
posture sensor data comparison. In other examples, the
progression through respective posture states of patient 12
may depend on the outcome of the comparison of posture
sensor data for a posture state to reference posture sensor
data for that posture state. For example, processor 80 may
initially perform the example technique of FIG. 12 for a first
posture state of patient. If the comparison of the posture
sensor data for the first posture state to the reference posture
sensor data 1s mndicative of the presence of offset shift/driit,
processor 80 may repeat the process for a second patient
posture state to determine 1f the presence of the oflset shift
drift 1s also indicated by the comparison of the posture
sensor data for the second posture state to the reference
posture sensor data, which may be substantially the same or
different than the reference posture sensor data used for the
first posture state. Conversely, if the comparison of the
posture sensor data for the first posture state to the reference
posture sensor data 1s not indicative of the presence of oflset
shift/drift, then processor 80 may end the detection process
without proceeding to evaluate the sensor signal data for a
subsequent posture state. In some examples, processor 80
may end the detection process only after posture sensor data
for three posture states approximately orthogonal to each
have been evaluated as shown in FIG. 12.

For each posture state occupied by patient 12, processor
80 may receive an indicator indicating that patient 12 is
occupying (or will be occupying) a desired posture state.
This indicator may be used to ensure that patient 12 1is
actually occupying the desired posture state when processor
80 analyses the output of posture sensor 87 for comparison
of the posture sensor data to reference posture sensor data.
Such an indicator may be communicated from a user to
processor 80 wvia external programmer 20. In some
examples, external programmer 20 may be used to 1nstruct
patient 12 to enter a desired posture state (e.g., an upright
posture state) and then indicate to processor 80 of IMD 14
when patient actually occupies the desired posture state, e.g.,
based on the receipt of confirmation from patient 12 entered
via user interface 106 (FIG. 6). In some examples, external
programmer 20 may guide patient 12 through a sequence of
posture states so that processor 80 may determine posture
sensor data for each of a plurality of posture states and
compare the determined posture sensor data to reference
posture sensor data corresponding to the respective posture
state, e.g., as shown 1n the example of FIG. 12. As described
above, the reference posture sensor data may be substan-
tially the same or different for each respective posture state.

In some examples, the reference posture sensor data may
include baseline posture sensor data defined by actual sensor
signal data generated by posture sensor 87 at some previous
period of time. In some examples, baseline posture sensor
data for a particular posture state may be defined by actual
sensor signal data generated by posture sensor 87 at some
previous period ol time, e.g., when patient 12 occupied
approximately the same posture state, €.g., in a clinic visit.
The previous period of time during which the baseline
posture sensor data 1s defined may generally correspond to
a period of time when oflset shift/drift was not present 1n the
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output of posture sensor 87 or was only present in a
relatively insignificant and/or acceptable amount. Difler-
ences 1n posture sensor data sensed at a later time relative to
the baseline posture sensor data may be attributed to the
presence ol oflset shift/drift in the signal output of the
posture sensor. In some examples, baseline posture sensor
data determined based on the output of posture sensor 87
when patient 12 occupies one or a plurality of approximately
orthogonal posture states may be used to define reference
posture sensor data for one or more other posture states of
patient 12, e.g., when the reference posture sensor data 1s
defined by the “typical” magnitude, e.g., average magnitude,
ol the posture vectors derived from the output of each of the
X, Vv, and z axis signals. An example technique for defining
reference posture sensor data including baseline posture
sensor data based on actual output of posture sensor 87 1s
described below with regard to FIG. 13.

Alternatively or additionally, the reference posture sensor
data may be a predetermined by a user, such as, e.g., a
climician. For example, reference posture sensor data may be
defined by a user based on or more values estimated or
otherwise known to be representative of the actual posture
sensor data for a posture state when substantially no offset
shaft/drift 1s present. In some examples, such posture sensor
data may be defined by a manufacturer based on specifica-
tion values for an accelerometer device or previous
patient(s) in which substantially the same or similar posture
sensor has been used. In some examples, the reference
posture sensor data may be determine from sampling of the
sensor signal prior to implantation of the IMD, e.g., during
a trial stimulation period or during that manufacturing
process of the IMD.

As the output signals for each axis of a multiple axis
accelerometer can depend on the physical orientation of the
accelerometer 1n a patient, the average magnitude of the
posture vector derived from the signal values for each axis
observed 1n other patients and/or otherwise defined for the
particular accelerometer may be used as reference posture
sensor data rather than output signal values for each indi-
vidual axis. As an 1llustration, while the values along the x,
y, and z-axis may vary for the first posture vector 182 i FIG.
9A-D, 1n each example the magnitude of first posture vector
1s approximately 100 ¢Gs in each instance. In such an
example, the reference posture sensor data associated with
one or more of the posture states may be defined as a
magnitude of approximately 100 c¢Gs, and may be indepen-
dent of the particular orientation of posture sensor 87 within
patient 12. Such a reference magnitude may be determined
based on actual posture sensor data generated by posture
sensor 87 when patient 12 1s 1n one or more posture states
or may be determined prior to implantation, such as, e.g.,
during a trial stimulation period and/or during a testing
phase of the manufacturing process of IMD 14.

Processor 80 (or other processing device) may analyze
posture sensor data for offset shift/drift using one or more of
the example techniques described herein on a substantially
continuous or periodic basis. In some examples, processor
80 may automatically or semi-automatically (e.g., based on
user confirmation of a request generated by processor 80 and
communicated via external programmer 20) analyze posture
sensor data to detect the presence of oflset shift/driit 1n the
output of posture sensor 87. Alternatively or additionally,
processor 80 may analyze posture sensor data for oflset
shift/drift upon receipt of a user request, €.g., a user request
communicated to IMD 14 via an external programming
device 20. Processor 80 may analyze posture sensor data as
described herein to detect the presence of offset shift/drit
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initially upon implantation of IMD 14 1n patient 12, e.g.,
during an 1nitial programming session. In such cases 1t may
be necessary to use reference posture sensor data that 1s not
defined based on actual posture sensor data measured for
posture sensor 87 when implanted 1n patient 12. Rather, in
such a case, one or more predefined values may be used to
define the reference posture sensor data used for respective
posture states. In some examples, posture sensor 87 may be
evaluated prior to implantation of IMD 14, e.g., during a trial
stimulation period when posture sensor 87 1s worn exter-
nally to detect patient posture state, to prevent implantation
of IMD 14 when posture sensor 87 1s exhibiting oflset
shift/drift 1n one or more output signals. In some examples,
¢.g., when posture sensor 87 1s the same sensor used for
external trial stimulation as that which 1s implanted, refer-
ence posture sensor data defined during a trial stimulation
period may be used i1dentily oflset shiit/drift after IMD 14
has been implanted in patient 12 by way of comparison to
posture sensor data generated after implantation, e.g., as
measured during an initial programming session.

As will be described further below, 1f processor 80
determines that an offset shiit/drift 1s present 1n the output of
posture sensor 87, processor 80 may then generate an alert
that may be communicated to a user, such as, e.g., patient 12
or a clinician, via external programmer 20 or other external
device. In some examples, IMD 14 may suspend the deliv-
ery of posture responsive therapy to patient 12 or prevent the
activation of posture responsive therapy delivery until the
oflset shift/drift detected by processor 80 1s addressed or an
override command 1s received from an authorized user such
as a clinician.

Alternatively or additionally, 1f an offset shift/drit is
detected 1n the output of posture sensor 87, processor 80 or
the processor of another medical device may determine and
apply an oflset correction. The oflset correction may be
applied to the sensor signal data generated by posture sensor
87 to address the detected oflset shift/drift. For example, the
oflset correction applied to the detection algorithm used by
IMD 14 to detect the posture state of patient 12 based on the
posture sensor data generated by posture sensor 87. The
oflset correction applied to the posture state detection algo-
rithms may allow the IMD to account for presence of oflset
shift/drift 1n an accelerometer output signal such that the
IMD may accurately detect the posture state of patient 12
based on the posture sensor data even with the oflset
shift/drnift present in the output of posture sensor 87. An
example technique for determining an oflset correction for
the output of posture sensor 87 1s described further below
with regard to FIG. 15. However, other example techniques
are contemplated.

FIG. 13 1s a flow diagram illustrating an example tech-
nique for defining reference posture sensor data for one or
more posture states of patient 12. As described above, n
some examples, the reference posture sensor data used by
processor 80 to detect the presence of oflset shift/driit in the
output of posture sensor 87 may include baseline posture
sensor data defined based on actual posture sensor data
generated at some prior period of time by posture sensor 87.

Initially, to define reference posture sensor data for a first
posture state, processor 80 may recerve an indication, e.g.,
from external programmer 20, indicating that patient 12
actually occupies or will soon be occupying a first posture
state, such as, e.g., an upright posture state. The 1ndicator
may be communicated based on input provided to external
programmer 20 via user interface 106 (FI1G. 6). As described
above, 1n this manner, processor 80 may confirm that patient
12 actually occupies the first posture state for which refer-
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ence posture state data will be defined (198). In other
examples, processor 80 may not need to know the particular
posture state occupied by patient 12, e.g., in cases in which
a single posture vector magnitude 1s used to define reference
posture sensor data for more than one or even substantially
all posture states of patient 12.

Upon receipt of the indication from external programmer
20, processor 80 samples the output signals generated by
posture sensor 87 when patient 12 occupies the first posture
state (200). For example, processor 80 may sample the
output for each of the x, y, and z-axis signals to determine
one or more values ol the output signal for each axis
generated by posture sensor 87 when patient 12 occupies the
first posture state. While processor 80 1s sampling the output
of posture sensor 87, patient 12 may be instructed to
maintain a relatively static position to mimimize the variation
of the output of posture sensor 87.

Based on the sampled posture sensor signal values, pro-
cessor 80 may define posture sensor data for the first posture
state (202). For instances in which the reference posture
sensor data includes values for each of the x, y, and z-axis,
processor 80 may determine the average output value for
cach axis of the posture sensor based on a plurality of values
sampled during the time period that patient 12 occupies the
first posture state. Additionally or alternatively, processor 80
may determine a magnitude of the posture vector that
defines the baseline posture sensor data for the first posture
state using sampled output values while patient occupies the
first posture state per Equation 2 above.

After defining the baseline posture state data for the first
posture state, processor 80 may determine whether or not to
define a baseline posture state for another posture state of
patient 12 (204). The number of posture states that processor
80 defines baseline posture state mmformation may be a
preprogrammed value stored i memory 82. In some
examples, a clinician may be able to select the number of
posture states, either during or 1 advance of the example
process ol FIG. 13. Regardless of how the number of posture
states 1s selected, iI processor 80 determines reference
posture sensor data 1s to be defined for additional posture
states, processor 80 may instruct patient 12 via external
programmer 20 to occupy a posture state other than that of
the first posture state (208). Subsequently, processor 80 may
receive an indication that patient 12 1s or will soon be
occupying the next posture state (210), e.g., as described
above for the indication received that patient 12 occupies the
first posture state (198). As with the first posture state,
processor 80 then samples the output signals generated by
posture sensor 87 when patient 12 1s occupying the next
posture state (200), and then defines posture sensor data for
the respective posture state based on the sampled output of
posture sensor 87. Once reference posture sensor data has
been defined for all the desired posture states of patient 12,
processor 80 stores the reference posture sensor data with
the associated posture 1n memory 82. In some examples,
processor 80 may determine an average posture vector
magnitude from multiple individual posture vector magni-
tudes determined based on the output of posture sensor 87
for a plurality of patient posture states to define a single
baseline magnitude value that defines reference posture
sensor data for more than one, e.g., substantially all, patient
posture states. Processor 80 may access the reference pos-
ture sensor data for one or more of the posture states in
memory 82 at a later time to detect whether offset shaft/drift
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In some cases, the example technique of FIG. 13 may be
performed during an initial programming session. In some
examples, the described process may take place 1n conjunc-
tion with the 1nitial orientation of posture sensor 87 to define
all or a portion of posture state reference data used by
processor 80 to detect the posture state of patient 12, e.g.,
when IMD 14 1s active for delivery of posture responsive
therapy to patient 12. In some cases, unique posture states of
patient 12 may be defined specifically for use 1 evaluating
the posture sensor for the presence of output shift/drift rather
than for use by processor 80 during the delivery of posture
responsive therapy.

FIG. 14 1s a flow diagram 1illustrating an example tech-
nique for suspending delivery of posture responsive therapy
to patient 12 when processor 80 detects that offset shift/drift
1s present 1n the output of posture sensor 87. As shown, IMD
14 1s active for delivery of posture responsive therapy to
patient 12 (212). When IMD 14 1s active for delivery of
posture responsive therapy, processor 80 controls the
therapy delivered to patient 12 according to the posture state
of patient 12 detected by processor 80. As described above,
processor 80 may detect the posture state of patient 12 based
on the output of posture sensor 87.

At some point during the delivery of posture responsive
therapy (212), processor 80 may receive a request to check
the output of posture sensor 87 for the presence of oflset
shaft/dnift (214). For example, the request may be transmit-
ted to processor 80 from external device 20 based on a user
request communicated to external programmer 20 via user
interface 106 (FI1G. 6). In other examples, the request may
correspond to one or more requests preprogrammed 1n
memory 82 which are designed such that processor 80
automatically checks for the presence of offset shift/drift on
a periodic basis. For example, processor 80 may be config-
ured to check for the presence of offset shift/drift in the
output of posture sensor 87 on a daily, weekly, and/or
monthly basis.

As described above, to determine whether offset shift/drift
1s present in the output of posture sensor 87, processor 80
may receive posture sensor data that 1s based on the output
ol posture sensor 87 when patient occupies a first posture
state (216). In the example of FIG. 14, the posture sensor
data may include the magnitude of the posture vector
determined from the posture sensor output using Equation 2
above. As describe above, this magnitude of the posture
vector may then be compared to the magnitude defined by
reference posture sensor data to determine whether or not
the magnitude determined based on the “new” posture
sensor output 1s within a threshold amount of the magnitude
defined by the reference posture sensor data (218). Although
the example of FIG. 14 1s illustrated as comparing posture
sensor data to reference posture sensor data for a single
posture state, 1 other examples, processor 80 may perform
substantially the same or similar comparison for each of a
plurality of posture states. For example, as described above,
processor 80 may perform substantially the same or similar
comparison for at least three approximately orthogonal
posture states.

If processor 80 determines that the magnitude of the
posture vector for the first posture state 1s within the thresh-
old value of the magnitude defined by the reference posture
sensor data for the first posture state (which may be sub-
stantially the same or different for other posture states),
processor 80 may determine that offset shift/drift 1s not
present 1 the output of posture sensor and continue to
deliver posture responsive therapy to patient 12. Conversely,
if processor 80 determines that the magnitude of the posture
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vector for the first posture state 1s within the threshold value
of the magnitude defined by the reference posture sensor
data for the first posture state, processor 80 may detect that
oflset shift/drift 1s present in the output of posture sensor
220. Based on the detection of oflset shift/driit, processor 80
may suspend the delivery of posture responsive therapy as a
precaution. As will be described below, the posture respon-
sive therapy may be suspended until an appropriate oflset
correction 1s applied to the posture detection algorithm to
account for the detected oflset shift/drift. In some examples,
processor 80 may deliver some baseline stimulation prepro-
grammed to be delivered to patient 12 1n instances in which
oflset shift/drift 1s detected.

In some cases, processor 80 may indicate the detection of
the offset shift/drift to a user, e.g., via external programmer
20. The user may be given the choice whether or not to
suspend delivery of the posture responsive therapy. In some
instances, the user may decide whether or not to suspend the
delivery of posture responsive therapy, e.g., in favor of some
other predefined baseline therapy that 1s not responsive to
the detect posture state of patient 12.

FIG. 15 1s a flow diagram illustrating an example tech-
nique for determiming an oflset correction for application to
a posture state detection algorithm. Processor 80 may utilize
the posture state detection algorithm to analyze the output of
posture sensor 87 to detect the posture state of patient 12.
The oiflset correction determined by processor 80 may
include offset correction values for one or more of the x, v,
and z-axis signals that may be applied to the posture state
detection algorithm used by processor. For example, as will
be described below, a correction value may include one or
more discrete values that are added to the output value for
one or more of the signals generated along respective axes
by the a posture detection algorithm when analyzing the
postures sensor data to detect the posture state of patient 12.

As shown in FIG. 15, during the delivery of posture
responsive therapy to patient 12, processor 80 may detect the
presence of oflset shift/drift in the output of posture sensor
87 (220). Processor 80 may detect the presence of the offset
shift/drift using one or more of the example techniques
described herein. For ease of illustration, the example tech-
nique of FIG. 15 1s described for a scenario in which
processor detects the presence of oflset shift/drift by com-
paring the magnitude of a posture vector calculated using
Equation 2 based on the signal output of patient 12 1n one or
more posture states to reference magnitude values associated
cach respective posture states representative of the output of
postures sensor 87 when an oflset shift/driit 1s not present.
Again, the reference magnitude value associated with each
posture state may be a magnitude value that 1s umique to a
particular posture state or a single value that 1s applicable to
multiple posture states, e.g., substantially all posture states
of patient 12. However, other examples for determining the
presence ol offset shift/drift in the output of posture sensor
87 are contemplated.

Upon detecting the offset shift/drift (220), processor 80
may suspend delivery of posture responsive therapy (222).
In other examples, processor 80 may detect the presence of
the oflset shiit/driit when IMD 14 1s not actively delivering
therapy to patient 12 according to the detected posture state
of patient 12. In such examples, processor 80 does not
suspend delivery of posture responsive therapy but may
prevent the activation of posture responsive therapy until the
oflset shift/driit 1s corrected, e.g., via the application of one
or more oilset correction values. An example technique for
preventing the activation of posture responsive therapy

when an off:

set shuft/drift 1s detected by processor 80 1is

10

15

20

25

30

35

40

45

50

55

60

65

50

illustrated 1n FIG. 16. In still other examples, processor 80
may continue to deliver posture responsive therapy to
patient 12 while one or more oil

set correction values are
determined by processor 80 to account for the offset shift/
drift present 1n the output of posture sensor 87.

After suspending delivery of posture responsive therapy
to patient 12 (222), processor 80 may i1dentily the most
deviant posture state 1 view of the comparison for each
posture state to reference posture sensor data (224). For ease
of 1llustration, the example technique will be described for
a scenario 1n which processor 80 uses posture sensor data for
three posture states (upright posture state, lying back posture
state, and lying right posture state) to determine an oflset
correction for the offset shift/drift present in the output of
posture sensor 87. As described above, such posture states
may be approximately orthogonal to each other 1n the three
dimensional posture state space of the three-axis output of
posture sensor 87. In some examples, the same three posture
states may have been previously used by processor 80 to
detect the presence of the oflset shift/drift by way of
comparison to reference posture sensor data. For each of the
three posture states, processor 80 may determine the output
value of each of the x, y, and z-axis, as well as a posture
vector magnitude for each posture state determined using
Equation 2. Based on this posture sensor data for each
posture state, processor 80 may 1dentily the most deviant
posture state as the posture state with the greatest absolute
difference between the magnitude of the posture vector and
the reference magnitude value. For example, processor 80
may determine that the difference between magnitude of the
posture vector for the upright posture state and the reference
magnitude value for the upright posture 1s greater than that
of the lying back and lying right posture states.

Processor 80 may then analyze the sensed x, v, and z-axis
values for the upright posture state to determine the domi-
nant axis for the most deviant posture state (226). For
example, processor 80 may 1dentity the most dominant axis
as the axis with the largest output signal value. For example,
assuming posture sensor data of [0,50,126.6] ¢G for the x, v,
and z-axis, respectively, 1s generated by posture sensor 87
when patient occupies the upright posture state, processor 80
may 1dentily the z-axis as the dominant axis of the posture
sensor data for the upright posture state (226).

Once processor 80 1dentifies the dominant axis of the
most deviant posture state (226), processor 80 may deter-
mine an oilset correction value for the dominant axis. In the
case of the z-axis being most dominant, processor 80 may

employ Equation 3 to solve for the z-axis oflset correction
value, 7

COFF?

Zcorr:+/_¢| V'init_(V}{)z_(Vy)z_ V. (3)

where V 1s the sensor output value along the x-axis, V , 1s
the sensor output value along the y-axis, VE 1s the sensor
output value along the z-axis, and VI, .. 1s the reference
magnitude value. As described above, such a reference value
may be determined based on actual posture sensor data
received from posture sensor 87, e.g., during an initial
programming session alter implant or determined prior to
the implant of posture sensor 87, such as, during the manu-
facture of IMD 14.

If processor 80 determines that the x-axis 1s the most
dominant axis, the processor 80 may employ Equation 4 to
solve for the offset correction x-axis offset correction value,

X

COFF

X —+/—\X| V.

COry

=V =(V)*-V, (4)
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If processor 80 determines that the y-axis 1s the most
dominant axis, the processor 80 may employ Equation 5 to

solve for the offset correction y-axis oflset correction value,
Y

COFF

NP2 (V= (V )=V,

(3)

After determining the offset correction value for the
dominant axis (228), processor 80 may apply the offset
correction value to the posture sensor data for each respec-
tive posture state (230) and determine 1f the magnitude of
cach posture vector for each posture state 1s within a
threshold amount of the reference magmtude value associ-
ated with the respective posture state (232). For example,
alter applying the ofiset correction value for the z-axis
determined for the upright posture state, processor 80 may
determine the magnitude of the upright posture vector using
X, ¥, and z-axis values of [V upright V.. upright’ V.. vprighet
oorr, uprignsl €S, respectwely, in Equation 2, where
V. uprighe Yo, wprigne a0AV_ . are values of ’[:fle X, v, and
Z-ax1s output signals, respectwely, determined when patient
12 was in the upright posture state, and Z_,,,. ,,.,01, 18 €qual
to the oflset correction value determined for the z-axis (228).
Similarly, processor 80 may determine the magnitude of the

lying back posture vector using x, y, and z-axis values
of [V A% Vv c(s,

s, lving back® " v, lving back® " z, lyving bac:*k-l-zcﬂrr Mpﬂghr]

respectively, in Equation 2, where V. ;... 40 Vyg lying back
and V_ ;... sacr @re values of the x, y, and z-axis output
signals, respectively, determined when patient 12 was 1n the
lying back posture state, and Z_,,. i o5: 18 again equal to the
offset correction value determined for the z-axis (228). For
the lying front posture state, processor 80 may determine the
magnitude of the lying right posture vector using x, y, and
z-axis values of [V, ;... one V. lying. right V.. ting rightt
Zoorr, uprignd €QS, Equation 2, where

respectively, 1n
V V are Values of the

x, lving rights " v, lving rights and Vz, hing rvight

X, y, and z-axis output signals, respectively, determined
when patient 12 was 1n the lying right posture state, and
L corr. uprien: 15 €qual to the ofset correction value determined
for the z-axis (228).

If processor 80 determines that the new magnitude of each
posture vector determined with the oflset correction applied
to signal values as described above 1s within a threshold
value of the reference magnitude value for each posture
state, processor 80 may modily the posture detection algo-
rithm stored in memory 82 to apply the oflset correction
value to the output signals generated by posture sensor 87
and resume the delivery of posture responsive therapy (234).
Practically, such a modification may allow for the offset
correction value determined for the z-axis to be applied
every time for every signal thereaiter along the z-axis to
thereby compensate for the oflset shift/drift present in the
output of posture sensor 87 during normal operation of IMD
14, especially with regard to detection of the posture state of
patient 12. In one example, an oflset correction may be
applied to the digital output used by the detection algorithm
although the correction could be applied to the next sample
of analog signal before the signal 1s converted from analog
to digital. However, any suitable technique for applying an
oflset correction value to one or more of the X, y, and z-axis
may be used.

The threshold value used by processor 80 may be sub-
stantially the same as the threshold value used to originally
determine whether or not the comparison of posture sensor
data generated by postures sensor 87 when patient actually
occuplies one or more posture states to reference posture
sensor data 1s indicative of the presence of offset shift/drift
in the posture sensor output, e.g., as described above with
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regard to FIG. 12. In some examples, the threshold value
may be approximately equal to or greater than the vanability
inherent 1n the output signal(s) generated by posture sensor
87, e.g., due to varying gain errors on e¢ach axis. In some
examples, a clinician or other authorized user may define the
threshold value, e.g., based on previous experience with
such offset shift/drift detection protocols.

Conversely, 1f processor 80 determines that the difference
between the reference magnitude values for a posture state
and the new magnitude of the posture vector for the posture
states determined with the addition of the offset correction
value 1s greater than the threshold value for any of the
posture states, then processor 80 may perform another
iteration of determining an ofl:

set correction value based on
the new posture sensor data for each posture state.

To begin another iteration, processor 80 may again i1den-
t1fy the most deviant posture state based on a comparison to
the reference data (224). However, unlike the first iteration,
processor 80 may analyze each posture state relative to the
reference posture sensor data with the previously determined
oflset correction applied to the posture sensor data for each
posture state. For example, processor 80 may determine
which posture vector of the upright posture state, lying back
posture state, and lying right posture state has the greatest
magnitude using the new posture sensor data, 1.e., the x, v,
and z-axis value with the offset correction applied to the
z-axis value. In other examples, processor 80 may indis-
criminately select a new posture state or select any other
posture state other than that posture state previously 1den-
tified as the most deviant posture state (224). For 1llustrative
purposes, processor 80 may select the lying back posture
state as the most deviant posture state during the second
iteration.

Once the next posture state 1s determined, processor 80
again may identily the most dominant axis for selected
posture state (226). For example, processor 80 may again
identify the most dominant axis as the axis with the largest
output signal value but with the previously determined offset
correction applied the output signal wvalues. In some
examples, after one or more 1iterations, processor 80 may
identify a most dominant axis from only the axes that
processor 80 has vet to determine an oflset correction value.
In the described example processor 80 may determine
which of the x-axis and y-axis has the greatest value and
select that axis as that dominate axis since an oflset correc-
tion value for the z-axis had already been determined by
processor 80 in the first iteration.

Once the “dominant” axis 1s identified in the second
iteration, processor 80 may determine an offset correction
value for the axis, e.g., using whichever of Equations 3-3 1s
appropriate 1 view ol the axis selected by processor 80
(228). After the oflset correction 1s determined, processor 80
may apply the most recently determined oflset correction
value, as well as the offset correction value from the first
iteration, to each the posture sensor data for each respective
posture state (230) and determine if the magnitude of each
posture vector for each posture state 1s within a threshold
amount of the reference magnitude value associated with the
respective posture state (232). As an 1llustration, 1f processor
80 determined an oflset correction value for the y-axis
during the second iteration, after applying both the z-axis
and y-axis the ofl:

set corrections, the magnitude of the
upright posture vector may be determined using x, y, and
z-axis values of [Vx, uprights Vy, +Ycorr, lving backs
Vz, Hp?’ighr-l-zcﬂrr, Hp?"ﬁghz‘] where ch}rr, lving back 1s the offset
correction value determined for the y-axis during the second

iteration (228). Both the z-axis and y-axis oflset values may

upright
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applied 1 a similar fashion to the upright and lying right
posture states when determining the magnitude of the pos-
ture vector for the respective posture state.

Processor 80 may continue to iteratively determine oflset
correction values until the oflset correction values are such
that, when applied to the posture sensor values for the
respective posture states, the magnitude of the posture
vectors for each posture state 1s within the threshold value of
the respective reference magnitudes (232). Again, at that
point, processor 80 may modily the posture detection algo-
rithm stored 1in memory 82 to apply the oflset correction
value(s) to the output signals generated by posture sensor 87
and resume the delivery of posture responsive therapy to
patient 12 (234). If processor 80 reaches an iteration in
which an offset correction value has been applied to each
axis of the posture sensor signal, processor 80 may override
a previously determine oflset correction value with a new
correction value for that axis with the other offset correction
values applied to the remaining axes. For example, if
processor 80 determined oflset corrections values for each of
the x, vy, and z-axis in the first three iterations in that order,
processor 80 may determine a new oflset correction value
for the x-axis. However, processor 80 may determine the
new olilset correction for the x-axis using v and z-axis values
with the previously determined correction values for each
axis applied, rather than using the originally sensed values
for the x and y-axis.

In some examples, processor 80 may limit the number of
iterations for which a new oflset correction value 1s deter-
mined using one or more suitable techniques. For example,
processor 80 may employ one or more algorithms to deter-
mine whether or not the iterations are diverging or converg-
ing, as recursive algorithms may run forever without a check
for divergence. Equation 6 1s one example equation that may
be used to check for convergence as the iterations progress,

S (0)

limy, =7

Ft

where n 1s the iteration number, S, 1s equal to the maximum
difference between the magnitude of the posture vector and
reference magnitude value of the respective posture states
for iteration n, and r 1s approximately equal to zero. When
progressing through multiple iterations of the example pro-
cess shown 1n FIG. 15, 1f processor 80 determines that:

(7)

then processor 80 may determine that the process 1s diverg-
ing from the goal of offset correction value(s) which result
in the magnitude of posture vectors determined for each
posture state, with the offset correction value(s) applied, to
be within a threshold amount of the reference magmtude
value for the respective posture state. In such examples,
processor 80 may back up one or more iterations and
calculate a different offset correction value for that previous
iteration. On the first pass through, a given iteration the
algorithm will use the most dominant axis of the most
deviant posture. In some examples, on the second pass
through a given iteration the algorithm may chose the
second most dominant axis of the most deviant posture. In
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other examples, on the second pass through a given 1teration
the algorithm may chose the most dominant axis of the
second most deviant posture. If the algorithm continues to
diverge then the process may back up one or more 1terations.
On the third pass through a given iteration the algorithm may
select the least dominant axis of the most divergent posture
or alternatively may chose the most dominant axis on the
least deviant posture. In this recursive manner, the algorithm
could test all potential combinations of oflset corrections
applied to all combinations of axes.

Processor 80 may continue with the iterative process of
FIG. 15 as long as the process 1s converging rather than
diverging as determined per equation 7. In some examples,
a maximum number of iterations may also be defined at
which processor 80 may stop the iterative process even if the
process 1s converging rather than diverging. Using Equation
7, processor 80 may employ a trailing average of the
maximum difference between the magnitude of the posture
vector and reference magnitude value for the previous
iteration to allow the maximum difference, S , to increase or
decrease slightly from the maximum difference determined
from 1teration n-1.

In some examples, upon detection of the presence of
oflset shift/drift 1n the output of posture sensor 87, one or
more modifications may be made to the posture state refer-
ence data used by processor 80 to detect patient posture
state, e.g., as described above with regard to FIGS. 8A-C,
based on the output of posture sensor 87 to account for the
offset shift/drift. For example, the angle used to define the
posture zone or volume (e.g., posture cone) relative to a
posture state reference vector may be adjusted to account for
the offset shift/drift in the output of a sensor signal. In the
scenario of FIGS. 9A-D, the angle of the lying back cone
may be adjusted such that the upper boundary of the lying
back cone 1s at approximately 60 degrees, as intended, by
reducing the angle by approximately 11 degrees to account
for the +40 cG offset shift present the output of the z-axis
signal. However, such a modification may influence the
location of the lower boundary of the lying back posture
cone and eflectively shrink the overall size of the posture
cone. Moreover, to the extent that such an angle serves to
define the posture space of for multiple posture states, e.g.,
such as a donut- or toroid-like volume that includes all of the
lying postures, reducing such an angle to account for the
influence of the offset shift/drnift relative the lying bac
posture space may undesirably change the posture spaces
defining other posture states, e.g., by reducing the upper
boundary used to define the lying front posture space along
the negative z-axis in the example of FIGS. 9A-D.

In some examples, such posture state reference data
modification may be used 1n combination or as an alternative
to the application of oflset correction value(s) as described
above. In some examples, such posture state reference data
modification may be used to account offset shift/drift when
the offset shift/drift 1s relatively minor, e.g., 1n cases in
which the difference between current posture sensor data
and reference posture sensor data i1s only slightly greater
than a threshold amount, and the application of oiflset
correction values may be used when the oflset shift/drift that
1s present 1s more than minor. In some examples, such
posture state reference data modifications may be used
initially in one or more instances and then followed up with
the application of one or more oflset correction values at a
later point 1n time, e.g., 1 the case when an offset drift
continues to accumulate over time 1n a sensor signal.

FIG. 16 1s a flow diagram illustrating a technique for
activating a posture responsive therapy mode of IMD 14.
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When IMD 14 1s active for delivery of posture responsive
therapy, processor 80 may control the therapy delivered to
patient 12 according to the detected posture state of patient
12. When not activated for posture responsive therapy
delivery, processor 80 may receive a command to activate
posture responsive therapy delivery, e.g., as communicated
from external programmer 20 to processor 80 of IMD 14
based on mput received from patient 12 or other user (236).
Upon receipt of such a command (236), processor 80 may
first determine whether or not an offset shuft/drift 1s present
in the output of posture sensor 87, €.g., using one or more of
the examples described herein. As shown, 1n one example,
processor 80 may obtain recent posture sensor data based on
the output of posture sensor 87 generated when patient 12
occupies a first posture state (238). Processor 80 may then
compare the obtained posture sensor to reference posture
sensor data associated with the first posture state (240) to
determine 1f an offset shift/drift 1s present in the output of
posture sensor 87 (242). The reference posture sensor data
may or may not be unique to that of the first posture state.
In some examples, as described above, processor 80 may
analyze posture sensor data for a plurality of posture states
rather than for only a first posture state.

It processor 80 determines that an oflset shift/drift 1s not
present 1n the output of posture sensor 87, then processor 80
may mitiate the delivery of posture responsive therapy to
patient 12 (246). Conversely, 11 processor 80 determines that
an oflset shift/drift 1s present 1n the output of posture sensor
87, then processor 80 may identity and apply oflset correc-
tion value(s) to the posture detection algorithm to account
for the oflset shift/drift present in the output of posture
sensor 87 (244). For example, processor 80 may utilize the
example 1terative process described with regard to FIG. 135
above to identily suitable oflset correction value(s) and
apply those correction value(s) to the posture detection
algorithm used by processor 80 to detect the posture state of
patient 12 based on the posture sensor data generated via
posture sensor 87. In this manner, IMD 14 may be prevented
from activating posture responsive therapy when oflset
shift/driit 1n present 1n the output of posture sensor 87 and
not accounted for in the posture state detection algorithm.

The techniques described 1n this disclosure may be imple-
mented, at least in part, in hardware, software, firmware or
any combination thereof. For example, various aspects of
the techniques may be implemented within one or more
microprocessors, DSPs, ASICs, FPGAs, or any other
equivalent integrated or discrete logic circuitry, as well as
any combinations of such components, embodied 1n pro-
grammers, such as physician or patient programmers, stimu-
lators, or other devices. The term “processor’” or “processing
circuitry” may generally refer to any of the foregoing logic
circuitry, alone or 1n combination with other logic circuitry,
or any other equivalent circuitry.

When implemented 1n software, the functionality ascribed
to the systems and devices described 1n this disclosure may
be embodied as instructions on a computer-readable medium
such as RAM, ROM, NVRAM, EEPROM, FLASH
memory, magnetic media, optical media, or the like. The
instructions may be executed to support one or more aspects
of the functionality described 1n this disclosure.

In addition, 1t should be noted that the systems described
herein may not be limited to treatment of a human patient.
In alternative examples, these systems may be implemented
in non-human patients, e.g., primates, canines, equines, pigs,
and felines. These anmimals may undergo clinical or research
therapies that my benefit from the subject matter of this
disclosure.
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Many examples of the disclosure have been described.
Various modifications may be made without departing from
the scope of the claims. These and other examples are within
the scope of the following claims.

The mvention claimed 1s:

1. A method comprising:

recerving posture sensor data from a posture sensor;

determining a posture state of a patient based on the

posture sensor data;

controlling delivery of therapy to the patient according to

the determined posture state;

comparing the posture sensor data from the posture sensor

to reference posture sensor data; and

detecting the presence of at least one of sensor signal drift

or sensor signal shift for the posture sensor based at
least 1n part on the comparison,

and

wherein at least one of the receiving, the determining, the

comparing, and the detecting 1s performed via one or
MOre processors.
2. The method of claim 1, wherein comparing the posture
sensor data from the posture sensor to reference posture
sensor data comprises determining one or more diflerences
between the posture sensor data and the reference posture
sensor data, and wherein detecting the presence of at least
one of sensor signal drift or sensor signal shift for the
posture sensor based at least in part on the comparison
comprises detecting the presence of the at least one of sensor
signal drift or sensor signal shift based on the one or more
differences between the posture sensor data and the refer-
ence posture sensor data.
3. The method of claim 1, further comprising:
determining an oflset correction value based at least 1n
part on the reference posture sensor data; and

applying the oflset correction value to a posture detection
algorithm configured to detect patient posture state
based at least in part on posture sensor data sensed via
the posture sensor.

4. The method of claim 1, wherein the posture sensor data
comprises first posture sensor data received from the posture
sensor when a patient 1s 1n a first posture state, and the
reference posture sensor data comprises first reference pos-
ture sensor data associated with the first posture state of the
patient.

5. The method of claim 4, wherein the reference posture
sensor data comprises baseline posture sensor data defined
based on posture sensor data generated by the posture sensor
when the patient previously occupied the first posture state.

6. The method of claim 4, turther comprising;:

recerving second posture sensor data from the posture

sensor when the patient 1s 1 a second posture state;
comparing the second posture sensor data from the pos-

ture sensor to second reference posture sensor data

associated with the second posture state; and

wherein the presence of at least one of sensor signal drift

or sensor signal shift for the posture sensor 1s detected
based at least in part on the comparisons of the first
posture sensor data and the second posture sensor data
to the respective reference posture sensor data.

7. The method of claim 6, wherein the second reference
posture sensor data associated with the second posture state
1s substantially the same as the first reference posture sensor
data associated with the first posture state.

8. The method of claim 1, wherein the posture sensor
comprises a multiple-axis accelerometer sensor, wherein the
posture sensor data includes at least one of signal output
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values for respective axes or a magnitude vector determined
based on signal output values from respective axes gener-
ated by the posture sensor.

9. The method of claim 1, further comprising generating,
an alert indicative of the presence of at least one of sensor
signal drift or sensor signal shift for the posture sensor based
at least 1 part on the comparison.

10. The method of claim 1, further comprising

suspending delivery of the therapy when the at least one

of sensor signal drift or sensor signal shift for the
posture sensor 1s detected.

11. The method of claim 10, further comprising:

determining an oflset correction value based on the ref-

erence posture sensor data;

applying the oflset correction value to a posture detection

algorithm configured to detect patient posture state
based on sensed posture sensor data; and

resuming the suspended therapy after the oflset correction

value 1s applied to the posture detection algorithm.

12. The method of claim 1, further comprising receiving
a command to initiate delivery of therapy, wherein the
therapy 1s delivered according to the determined posture
state of the patient, wherein the presence of at least one of
sensor signal drift or sensor signal shift for the posture
sensor 1s detected based on the receipt of the command to
initiate delivery of the therapy.

13. The method of claim 1,

wherein the posture sensor comprises an accelerometer

sensor including a first sensor output along a first axis,
a second sensor output along a second axis, and a third
sensor output along a third axis,

wherein the posture sensor data comprises first posture

sensor data from the posture sensor when the patient
occuplies a first posture state, second posture sensor
data from the posture sensor when the patient occupies
a second posture state, and third posture sensor data
from the posture sensor when the patient occupies a
third posture state, and

wherein each of the first, second, and third posture sensor

data includes respective posture vector magnitude val-
ues determined based on the first, second, and third
sensor outputs when the patient occupies the respective
posture states.

14. The method of claim 13, further comprising;

determining, upon detecting the presence of at least one of

sensor signal drift or sensor signal shift, a first oflset
correction value for first posture sensor data of the first
posture sensor data;

applying the first offset correction value to the second and

third posture sensor data;

comparing the first, second, and third posture sensor data

with the first oflset correction applied to reference
posture sensor data; and

determining whether to apply the first oflset correction

value to posture sensor data used to detect patient
posture state based on the comparison of the first,
second, and third posture sensor data with the first
offset correction applied to reference posture sensor
data.

15. The method of claim 13, wherein the first posture
state, second posture state, and third posture state are
approximately orthogonal to each other.

16. The method of claim 1, wherein the posture sensor
data includes first posture sensor data and second posture
state data, wherein determining a posture state of a patient
based on the posture sensor data comprises determining a
posture state of a patient based on the first posture sensor
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data from the posture sensor, and wherein comparing the
posture sensor data from the posture sensor to reference
posture sensor data comprises comparing the second posture
sensor data from the posture sensor to the reference posture
sensor data.

17. A medical device comprising:

a posture sensor configured to generate posture sensor

data; and

at least one processor configured to receirve the posture

sensor data, determine a posture state of a patient based
on the posture sensor data, control the delivery of
therapy to a patient according to the determined posture
state, compare the posture sensor data to reference
posture sensor data, and detect at least one of sensor
signal drift or sensor signal shift for the posture sensor
based at least 1n part on the comparison.

18. The medical device of claim 17, wherein the at least
one processor 1s configured to determine one or more
differences between the posture sensor data and the refer-
ence posture sensor data, and detect the presence of the at
least one of sensor signal drift or sensor signal shift based on
the one or more diflerences between the posture sensor data
and the reference posture sensor data.

19. The medical device of claim 17, wherein the at least
one processor 1s configured to determine an oflset correction
value based at least 1n part on the reference posture sensor
data; and apply the oflset correction value to a posture
detection algorithm configured to detect patient posture state
based at least 1n part on posture sensor data sensed via the
posture sensor.

20. The medical device of claim 17, wherein the posture
sensor data comprises first posture sensor data recerved from
the posture sensor when a patient 1s 1n a first posture state,
and the reference posture sensor data comprises first refer-
ence posture sensor data associated with the first posture
state of the patient.

21. The medical device of claim 20, wherein the reference
posture sensor data comprises baseline posture sensor data
defined based on posture sensor data generated by the
posture sensor when the patient previously occupied the first
posture state.

22. The medical device of claim 20, wherein the at least
one processor 1s configured to receive second posture sensor
data from the posture sensor when the patient 1s 1n a second
posture state, compare the second posture sensor data from
the posture sensor to second reference posture sensor data
associated with the second posture state, and detect the
presence of at least one of sensor signal driit or sensor signal
shift for the posture sensor based at least in part on the
comparisons of the first posture sensor data and the second
posture sensor data to the respective reference posture
sensor data.

23. The medical device of claim 22, wherein the second
reference posture sensor data associated with the second
posture state 1s substantially the same as the first reference
posture sensor data associated with the first posture state.

24. The medical device of claim 17, wherein the posture
sensor comprises a multiple-axis accelerometer sensor,
wherein the posture sensor data includes at least one of
signal output values for respective axes or a magnitude
vector determined based on signal output values from
respective axes generated by the posture sensor.

25. The medical device of claim 17, wherein the at least
one processor 1s configured to generate an alert indicative of
the presence of at least one of sensor signal drift or sensor
signal shift for the posture sensor based at least 1n part on the
detection.
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26. The medical device of claam 17, wherein the at least
one processor 1s configured to suspend the delivery of the
therapy when the at least one of sensor signal driit or sensor
signal shift for the posture sensor 1s detected.

27. The medical device of claim 26, wherein the at least
one processor 1s configured to determine an oflset correction
value based on the reference posture sensor data, apply the
oflset correction value to a posture detection algorithm
configured to detect patient posture state based on sensed
posture sensor data; and resume the suspended therapy after
the oflset correction value 1s applied to the posture detection
algorithm.

28. The medical device of claam 17, wherein the at least
one processor 1s configured to receive a command to 1nitiate
delivery of therapy according to the determined posture state
of the patient, and detect the presence of at least one of
sensor signal drift or sensor signal shift for the posture
sensor based on the receipt of the command to initiate
delivery of the therapy.

29. The medical device of claim 17,

wherein the posture sensor comprises an accelerometer

sensor including a first sensor output along a {irst axis,
a second sensor output along a second axis, and a third
sensor output along a third axis,

wherein the posture sensor data comprises first posture

sensor data from the posture sensor when the patient
occupies a first posture state, second posture sensor
data from the posture sensor when the patient occupies
a second posture state, and third posture sensor data
from the posture sensor when the patient occupies a
third posture state, and

wherein each of the first, second, and third posture sensor

data includes respective posture vector magnitude val-
ues determined based on the first, second, and third
sensor outputs when the patient occupies the respective
posture states.

30. The medical device of claim 29, wherein the at least
one processor 1s configured to determine, upon detecting the
presence of at least one of sensor signal drift or sensor signal
shift, a first oflset correction value for first posture sensor
data of the first posture sensor data, apply the first oflset
correction value to the second and third posture sensor data,

compare the first, second, and third posture sensor data with
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the first oflset correction applied to reference posture sensor
data, and determine whether to apply the first offset correc-
tion value to posture sensor data used to detect patient
posture state based on the comparison of the first, second,
and third posture sensor data with the first offset correction
applied to reference posture sensor data.

31. The medical device of claim 29, wherein the first
posture state, second posture state, and third posture state are
approximately orthogonal to each other.

32. The medical device of claim 17, wherein the posture
sensor data includes first posture sensor data and second
posture state data, wherein the at least one processor 1s
configured to determine a posture state of a patient based on
the first posture sensor data from the posture sensor, and
compare the second posture sensor data from the posture
sensor to the reference posture sensor data.

33. A non-transitory computer-readable storage medium

comprising instructions for causing one or more processors
to:

receive posture sensor data from a posture sensor;

determine a posture state of a patient based on the posture
sensor data

control delivery of therapy to the patient according to the
determined posture state

compare the posture sensor data from the posture sensor
to reference posture sensor data; and

detect the presence of at least one of sensor signal drift or
sensor signal shift for the posture sensor based at least
in part on the comparison.

34. A system comprising;:

means for receiving posture sensor data from a posture
SeNsor;

means for determining a posture state of a patient based
on the posture sensor data;

means for controlling delivery of therapy to the patient
according to the determined posture state;

means for comparing the posture sensor data from the
posture sensor to reference posture sensor data; and

means for detecting the presence of at least one of sensor
signal drift or sensor signal shift for the posture sensor
based at least in part on the comparison.

¥ ¥ # ¥ ¥



	Front Page
	Drawings
	Specification
	Claims

